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After more than 70 years of chemical pesticide use, modern agriculture is increasingly
using biological control products. Resistances to conventional insecticides are wide
spread, while those to bio-insecticides have raised less attention, and resistance
management is frequently neglected. However, a good knowledge of the limitations of
a new technique often provides greater sustainability. In this review, we compile cases
of resistance to widely used bio-insecticides and describe the associated resistance
mechanisms. This overview shows that all widely used bio-insecticides ultimately select
resistant individuals. For example, at least 27 species of insects have been described
as resistant to Bacillus thuringiensis toxins. The resistance mechanisms are at least as
diverse as those that are involved in resistance to chemical insecticides, some of them
being common to bio-insecticides and chemical insecticides. This analysis highlights the
specific properties of bio-insecticides that the scientific community should use to provide
a better sustainability of these products.
Keywords: sustainability, mode of action, Bt, CpGV, mechanism of resistance, molecular target mutation,
detoxification enzymes, efficacy
Introduction
The awareness of secondary effects of pesticide use on the environment and human health is
currently causing a green revolution. Modern agriculture is changing; it tends to spread less
pesticide and generally use more-selective and less-polluting products. Bio-pesticides fit this
definition, and in recent years, pesticide firms have invested significantly in companies producing
bio-pesticides.
Bio-pesticides have a reputation of being very expensive and often not reliable. To date, the
price of bio-pesticides is still high because of their low market share compared to the chemical
compounds. The market size of bio-pesticides increased 9.9% between 2005 and 2010. In the same
Abbreviations: ALP, alkaline phosphatases; APN, aminopeptidase N; AFP, antifungal protein; ABC transporter, ATP-
binding cassette transporter; AcMNPV, Autographa californica nucleopolyhedrovirus; Bt, Bacillus thuringiensis; Bti,
Bacillus thuringiensis subsp israeliensis; BCA, biocontrol agent; CIs, chymotrypsin inhibitors; CpGV, Cydia pomonella
granulovirus; GABA, γ-aminobutyric; GMO, genetically modified; GV, granuloviruses; nAChRs, nicotinic acetylcholine
receptor; NPV, nucleopolyhedroviruses; APP, P-aminopeptidase; PM, peritrophic membrane; PFT, Pore-Forming Toxins;
PhopGV, Phthorimaea operculella granulovirus; PbGV, Pieris brassicae granulovirus; PBO, piperonylbutoxide; PTTH,
prothoracicotropic hormone; SPI, serine protein inhibitor; (TIs), trypsin inhibitors.
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period, the market size of synthetic pesticides decreased by
1.5% (Tanwar et al., 2012). For all crop types, bacterial bio-
pesticides represent 74% of the market, fungal bio-pesticides
represent approximately 10%, viral bio-pesticides 5%, predator
bio-pesticides 8% and other bio-pesticides 3% (Thakore, 2006).
In the 1990s, products based on Bacillus thuringiensis (Bt)
accounted for 95% of the global microbial insecticide market.
Currently, the apparition of new biological control agents, such
as beneficial insects, viruses and entomopathogenic fungi, has
lowered the prevalence of Bt, which still represents more than
60% of the bio-pesticide market. The panel of biological agents
that are available on the market is gradually increasing and
should continue to increase over the next few years due to
their variety (not only microorganisms but also predators and
parasites).
One of the major issues in bio-pesticide development is their
lack of robustness and the high-tech level that is necessary
for their utilization (Ravensberg, 2011). Indeed, these products
are generally more sensitive to variations in temperature,
humidity or light radiation than are their synthetic counterparts.
Formulation technologies have been used to improve the number
of commercial biological control products, the delivery, the shelf
life and the field efficacy of bio-pesticides by adding various
compounds to the active agents (Leggett et al., 2011; Ravensberg,
2011). Although there is limited information on the research
in this area, due to concurrent issues, recent studies have
permitted the emergence of (i) new formulations (Townsend
et al., 2004; Hunter, 2010) (ii) formulations with precise time or
location delivery (Lacey, 2007; Nuyttens et al., 2009), and (iii)
formulations helping with long activity persistence (Kohl et al.,
1998).
However, the shorter persistence of bio pesticides can be
considered a quality as it reduces their environmental risk, but
this often results in the more frequent pulverization of those
products to maintain an acceptable level of control. The quantity
of products that are released into the environment is therefore
more important, and the costs of these multiple interventions
make biological control less competitive than chemical control.
Moreover, the maintenance of selection pressures and the
relatively low efficiency levels (70%) of biocontrol products favor
resistance development. In recent years, many studies have been
conducted to improve the efficiency, ease of use and persistence
of these products.
The possible side effects of the use of bio-pesticides have often
been neglected or minimized compared to those of chemical
pesticides (Holt and Hochberg, 1997), and cases of resistance
have been described. Thus, the question of the sustainability of
these strategies over time arises. At least 27 pest species have
developed resistance to the most used bio-pesticide in the world:
Bacillus thuringiensis (Berling et al., 2009; Bravo et al., 2011).
We propose in this review a detailed inventory of cases of
resistance to bio-pesticides to understand this phenomenon and
anticipate it better. We rely on experience gained from numerous
studies on resistance to chemical insecticides and the best ways
to manage it to propose new solutions thanks to the intrinsic
properties of bio-insecticides. To investigate this problem, we
decided to present modes of action and resistance mechanisms
for the main bio-insecticides. Then, we evaluated the durability
of biocontrol agent efficacy to determine the risks factors of
resistance against future biocontrol agents.
Bio-pesticide is a term that was first applied with a narrow
focus on preparations containing living microorganisms and
then expanded to a broader definition that encompasses
botanical compounds and semiochemicals (e.g., pheromones)
(Kiewnick, 2007). In this review, bio-pesticide will include
botanical insecticides (plant extracts), microbial pest control
agents (bacteria, viruses, fungi and protozoa) and/or bioactive
compounds (such as metabolites) that are produced directly from
these microbes and used to suppress populations of insect pests.
In addition, because the aim of this review is to provide a
critical point of view on the sustainability and effectiveness of
bio-pesticides, we present some examples of commercialized and
currently used products (Genetically modified (GMO) crops and
human disease vectors excluded).
Main Mode of Action of Bio-control Agents
Plant Extracts (Botanical Insecticides)
To control their natural enemies, some plants have developed
the ability to synthesize products that are derived from their
secondary metabolism with some specific properties against
insects (Isman, 2006). Those molecules may be repulsive, cause
metabolic dysfunctions, or have a toxic effect leading to the death
of the insect, which is the case of caffeine in coffee, glucosinolates
in Brassicaceae, psoralen in celery or even nicotine in
tobacco.
Insecticides that are derived from plants have been used for
centuries. In the 17th century, decoctions of tobacco, containing
nicotine, were applied to some crops. These natural insecticides
experienced significant development between the two world wars
before being progressively overtaken by synthetic insecticides,
which are cheaper and more efficient.
Among the variety of natural molecules having insecticidal
properties, we focus on the most frequently used, such as
alkaloids, including nicotine and pyrethrums.
Nicotine
Nicotine is a molecule that is extracted from the leaves and stems
of tobacco Nicotiana tabacum. The use of nicotine dates back to
1690 when aqueous extracts of tobacco were used to control crop
pests. This molecule is very stable and has an important toxicity
for insects. However, as nicotine is also toxic for mammal species,
its use is limited. The use of nicotine is still authorized in some
countries as a complex preparation (in alkaline sulfate solution or
in soaps). This alkaloid affects the insect by inhalation, ingestion
and contact. The target of nicotine is the nicotinic acetylcholine
receptor (nAChRs) of the central nervous system. The fixation of
nicotine, an acetylcholine mimetic, on the postsynaptic receptor
is responsible for the continuous depolarization of nerve cells,
leading to a permanent excitation. This excitation leads to the
muscular paralysis of the insect and to its death (Bai et al., 1991).
Based on this mode of action, synthetic neonicotinoids have
been developed, avoiding some of the problems of toxicity to
mammals.
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Pyrethrum
Pyrethrum is a botanical insecticide that is allowed in organic
farming in many countries worldwide. This compound is
extracted from dried Chrysanthemum flowers, especially from
Dalmatia pyrethrum. Theses flowers contain some insecticidal
products, such as a group of esters, including “pyrethrins,” which
harbor the highest relative toxicity. Pyrethrins are very unstable
compounds that are quickly degraded by light, air and heat.
To reinforce the action of the pyrethrum, some synergistic
molecules can be added to the formulation; the main molecule
is piperonylbutoxide (PBO). Pyrethrum containing some PBO is
allowed in organic farming but is subject to controversy due to its
toxicity (Jansen et al., 2010).
Pyrethrins attack the nervous system of insects. These
compounds impact the sodium channels by blocking them in
an open position by the inhibition of the voltage-dependent
inactivation (Casida, 1973). The result of this blockage is a
significant release of acetylcholine at the synapse level. This
over-abundance of neurotransmitters causes the desensitization
of postsynaptic receptors and then triggers, through negative
feedback on the pre-synaptic receptors, an inhibition of
acetylcholine release. The synaptic transmission is then blocked,
which leads to the paralysis of the insect followed by its death.
Neem Oil
Neem oil is extracted from the neem seeds of Azadirachta indica,
a tree originating from India. This tree grows in poor and
degraded soils and in semi-arid climates. The oil that is extracted
from these seeds has a repellent, antifeedant and insecticide
power. More than hundred molecules having insecticidal and/or
repellent activities have been identified in the crude oil, most
belonging to the family of terpenoids. The principal active
substance of this oil is azadirachtin (Akhila and Rani, 2002). Both
the crude neem oil and the purified azadirachtin are used in pest
control. Neem oil can be home-made or industrially produced,
and its composition is variable. Neem oil can be used crude with
its entire cocktail of molecules or after purification to retain only
azadirachtin.
Azadirachtin is soluble in polar solvents; this is a complex
molecule whose structure has been difficult to determine
(Broughton et al., 1986; Bilton et al., 1987; Taylor, 1987; Turner
et al., 1987). This molecule, which unstable to light, has a
repellent, antifeedant and growth-destabilizing power on the
insects that are not repelled. According to Ruscoe (1972), Morgan
(2009), the insecticidal power of azadirachtin is effective at a
far lower dose than its repellent power. This molecule has been
tested on more than 600 insects, among which more than 500
are sensitive (Morgan, 2009). It seems that a synergy exists
between the different compounds of unpurified neem oil. In the
field, neem oil is used as a fertilizer, plant natural stimulator,
insecticide, fungicide and pest repulsive. The insecticidal activity
of this oil is also used in animal breeding, for the disinfection of
livestock buildings or directly applied to animals to prevent some
parasites, such as ticks and fleas.
The first mode of action known for neem oil is its
repellent/anti-feedant power, partly due to azadirachtin. Without
finding a specific target, it has been hypothesized that
azadirachtin has a mainly anti-feedant action (Simmonds et al.,
1990; Nisbet et al., 1993; Koul et al., 2004).
However, the neem oil was later shown to exhibit a
complex growth-disturbing action. Some histologic studies have
been carried out on the neurosecretions of peptide hormones
in insect brains. These studies reveal a dysfunction in the
synthesis, transport and secretion of three hormones: the
prothoracicotropic hormone (PTTH), the allatostatins and the
allatoinhibins. These hormones play a role in the synthesis and
release of mating hormones: ecdysteroids and juvenile hormone
(Subrahmanyam et al., 1989; Subrahmanyam and Rembold, 1989;
Sayah et al., 1996, 1998). Insects are disrupted during their
growth and mate. Reproductive functions can also be affected
by these hormonal changes. In females, there is a degeneration
of ovaries and a breakdown of the egg yolk (Koul, 1984;
Schmutterer, 1985; Dorn et al., 1987). In males, spermatogenesis
is interrupted before metaphase. However, the two primary
effects of azadirachtin seem to be the blockage of calcium
channels (Qiao et al., 2014) and the mitochondria-mediated
apoptosis of cells (Huang et al., 2013). These two actions induce
a cascade of effects, such as the blockage of mitosis (Huang
et al., 2011) and a reduction in protein synthesis (Timmins and
Reynolds, 1992; Koul et al., 1996).
Bacteria and Derivates
There are more than 100 bacterial species having
entomopathogenic activity (Starnes et al., 1993), and the
species Bacillus thuringiensis, B. popilliae, B. lontimorbus,
B. sphaericus, and Saccharopolyspora spinosa are the most used.
Bacillus Thuringiensis
Bacillus thuringiensis (Bt) is the most used and described bio-
insecticide in the world. This species is an aerobic bacterium,
Gram-positive, of the bacilli family and is widely present in soil,
water, air and plants in its vegetative form, although it is not
clear how important its multiplication is in these environments
(Raymond et al., 2010). When the trophic environment is
favorable, this species multiplies by binary fission and lives
in a vegetative form. Under deficient trophic conditions, this
species takes a sporulated form, producing proteins that are toxic
for insects. Among these proteins, the Cry and Cyt proteins
form parasporal crystals (Bravo et al., 2011). Since the 1930s,
the entomotoxic properties of this bacterium have raised an
agricultural interest, which has been materialized by its first
usage in 1933. This bacterium has been used since the 1950s.
First against defoliating Lepidoptera in 1970, the discovery of
serotypes active againstDiptera (1977) and Coleoptera (1981) has
permitted the extension of the larvicidal action of this species
to mosquitoes, black-flies, and beetles. Many different isolates
of Bt have been described and are classified by serology and
by the targets of their toxin proteins (Lecadet et al., 1999). The
toxins are classified according to their amino acid sequence
(Crickmore et al., 1998). The most commonly used bacterial
serovars are kurstaki against defoliating Lepidoptera larvae,
aizawai against Lepidoptera larvae feeding on seed and san
diego and tenebrionis (=morrisoni) against Coleoptera larvae. An
additional commonly used serovar, Bt var. israeliensis, is used
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against mosquito vectors of human diseases (Bravo et al., 2011).
Commercialized Bt products are made of a mixture of spores and
protein crystals (Raymond et al., 2010) and represented 2% of the
insecticides on the market in 2011 (Bravo et al., 2011).
There is a great variety of Cry toxins that belong to the class of
PFT (Pore-Forming Toxins) (Pigott and Ellar, 2007). The three-
dimensional structure and detailed mode of action have been the
object of important studies (see Bravo et al., 2011, for review).
The final outcome of toxin ingestion is the destruction of the
insect midgut via the formation of pores in the midgut cells.
The body content becomes accessible to bacterium spores that
develop in this rich culture medium.
The result is a septicemia that is caused not only by Bt but also
by other bacterial species (Raymond et al., 2010). The insect dies
because it is not able to regenerate new epithelial cells on time.
Death is slow in the absence of bacteria and rapid in the case of
septicemia. Other marginal effects are observed, such as a decline
in growth or development delay (Heckel, 2012).
The transmission of Bt is mainly horizontal, either from one
contaminated larva to another or via the plants that contain the
bacterium (Raymond et al., 2010).
Spinosyns
Saccharopolyspora spinosa is an actinomycete (Gram-positive
bacterium) that was discovered in 1982 in a soil sample from the
Virgin Islands. Molecules with insecticidal activity (spinosyns)
are extracted from the bacterium after fermentation (Sparks et al.,
1998). Today, these molecules are mainly commercialized as two
active substances: the spinosad and the spinetoram.
Spinosad is a mixture of spinosyns A and D, the two
most active metabolites that are produced by the species. This
product was first approved in the United States in 1997 to
control Lepidoptera larvae that were resistant to pyrethroids.
This insecticide has been used for many years on a considerable
number of pests worldwide. Today, this insecticide is used in
40 countries on various crops, such as cotton, crucifer, apple,
grapevine and peach, to control more than 50 pests. In 2007,
Spinetoram (mixture of two: J “major” and L “minor”) was
approved in the United States and in Canada after clear evidence
of resistance to spinosad among various pests in both the
laboratory and the field (Sparks et al., 2012). Once ingested by the
insect, spinosyns quickly reach the central nervous system, where
they induce the depolarization of the neuron membranes that
are connected to the muscles. This hyperexcitation causes insect
paralysis. Spinosyns fix at a specific site on the acetylcholine
receptor (nAchR) that are different from the neonicotinoid
sites. These compounds also act on the GABA (γ-aminobutyric)
receptors, but their functions are not yet clearly defined (Sparks
et al., 2012).
Other Bacteria
In the case of Bacillus sphaericus, the toxin is located on the spore
wall and is released by the partial digestion of the bacteria in
the insect larvae digestive track. The toxin passes through the
peritrophic membrane of the digestive track and kills the larvae
(Singer, 1981; Burges, 1982). The bacteriummultiplies in the host
and is released by its disintegration. Since their introduction on
the market to control Diptera, many cases of resistance to the
crystal toxin have been reported (Miller et al., 1983; Charles et al.,
1996).
Fungus
Entomopathogenic fungi are known and studied for their
insecticidal properties. To date, there are more than 700 species
listed (Hajek and Stleger, 1994). Among these fungi, nine species
are commercialized or regularly studied: Beauveria bassiana,
B. brongniartii, Metarhizium anisopliae, Aschersonia aleyrodis,
Lecanicillium (Verticillium) lecanii, Paecilomyces fumosoroseus,
Entomophaga maimaiga, Hirsutella thompsonii, and Lagenidium
giganteum.
These fungi act as hyperparasites and penetrate into their
host through natural breaches in the cuticle or by creating
breaches with enzymes, such as chitinases. Chitinases are virulent
determinants and are essential for pathogenicity, for example, in
B. bassiana (Fang et al., 2005) and M. anisopliae (Prakash et al.,
2012).
Other insect-wall-degrading enzymes are synthesized by
these entomopathogenic fungi, for example, cuticle-degrading
protease, which is classified into two families, Pr1 and Pr2
(Castellanos-Moguel et al., 2007). In M. anisopliae, a Pr1 causes
the melanization of the insect, which is a normal immune
response in insects, but in extreme cases, it can lead to insect
death (St Leger et al., 1996).
Viruses
Several virus families have been identified for their ability to
infect arthropods; however, Baculoviruses are the only ones that
are used as biological control agents in practice (Table 1) (Dent,
1991; Suty, 2010).
Baculoviruses form a large family of viruses that can infect
Lepidoptera larvae crop pests, as well as Hymenoptera, Diptera,
Coleoptera and Trichoptera. These species are relatively specific
by infecting only one or a few closely related insect species.
An exception is Autographa californica nucleopolyhedrovirus,
AcMNPV, which infects more than 33 species from 7 families
of Lepidoptera (Gröner, 1986; Bishop et al., 1995). These viruses
replicate in the nucleus of the host cells. Their genome is
composed of a double-stranded circular DNA molecule with a
size varying from 80 to 200 kb. The genome is packed into a
nucleocapsid presenting helicoidal symmetry that is enveloped in
a membrane. Baculoviruses present a complex life cycle in which
two viral forms are produced (see Rohrmann, 2013, for a review).
Baculoviruses are classified into four genera according
to the International Committee on the Taxonomy of
Viruses (release 2013, EC45): the Alphabaculoviruses,
(nucleopolyhedroviruses (NPV) infecting Lepidoptera),
Betabaculoviruses (granuloviruses (GV) infecting Lepidoptera),
Gammabaculoviruses (nucleopolyhedroviruses infecting
Hymenoptera), and Deltabaculoviruses (nucleopolyhedroviruses
infecting Diptera).
The major route of infection for baculoviruses is ingestion
by the larvae of OBs, contaminating the food. Vertical
transmission has been demonstrated for some baculoviruses, but
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TABLE 1 | Commercialized bio-pesticides with baculoviruses (Berling, 2009; Eberle et al., 2012; Yang et al., 2012; Beas-Catena et al., 2014).
Virus Pest Crop Country
AdorGV Adoxophyes orana Orchards Switzerland
AsGV Agrotis segetum Vegetables Hungary
ClGV Cryptophlebia leucotreta Orchards Switzerland
CpGV Cydia pomonella Orchards France
Argentina
USA
Belgium
Switzerland
Canada
Spain
MyseGV Mythimna separata Rice China
PhopGV Phthorimaea operculella Potatoes Colombia
Tecia solanivora (Symmestrischema tangolias) Bolivia
PiraGV Pieris rapeae Vegetable China (one producer)
PiGV Plodia interpunctella Stored raisins and almond USA
PoGV Phthorimaea operculella Field and stored potatoes Peru
PxGV Plutella xylostella Vegetables, wheat, corn China
AgMNPV Anticarsia gemmatalis Major crops Brazil
AcMNPV Autographa californica, Estigmene acrea Major crops Guatemala
Heliothis virescens, Plutella xylostella Vegetables China (three producers)
Pseudoplusia includens, Spodoptera exigua, Guatemala
Trichoplusia ni
AfNPV Anagrapha falcifera Vegetable USA
AgMNPV Anticarsia gemmatalis Soybean Brazil
Argentina, Mexico
BusuNPV Buzura suppressaria Tea China (one producer)
EcobNPV Ectropis oblica pulina Tea China (one producer)
EupsNPV Euproctis pseudoconspersa Tea China
GyruNPV Gynaephora spp Pasture China (one producer)
HearNPV Helicoverpa armigera Cotton, tomato India
Pepper, tobacco Switzerland
Australia
China, Vietnam, Thailand
HzNPV Helicoverpa spp. Cotton, vegetables USA
Australia
HycuNPV Hyphantria cunea Forest Moldavia, Russia
LeseNPV Leucania separata Wheat, maize China (one producer)
LdNPV Lymantria dispar Forest Canada
USA
MabrNPV Mamestra brassicae Vegetables USA and Japan
Russia
MacoNPV Mamestra configurata Switzerland
MyseNPV Mythimna separata Rice China
NeabNPV Neodiprion abietis Forest Canada
NeleNPV Neodiprion lecontei Forest, ornamentals Canada
Neodiprion sertifer Forest
OpMNPV Orgyia leucostigma Forest Canada
Orgyia pseudotsugata Ornamentals
(Continued)
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TABLE 1 | Continued
Virus Pest Crop Country
SeMNPV S exigua Major crops Switzerland
Spodoptera littoralis Vegetables India
USA
Spain
China
SaMNPV Diaphania hyalinata, Spodoptera albula, S exigua, S sunia Major crops, vegetables Guatemala
SpliNPV S littoralis Major crops, vegetables Switzerland
SpltNPV S litura Cotton, vegetables, rice India
Vietnam
Some of the mentioned products are locally made and do not have a commercial name. This list is not exhaustive.
its importance in maintaining the virus populations is still under
study (Virto et al., 2013).
Several baculoviruses, NPVs and GVs are used for biological
control worldwide.
Researchers in China have isolated 82 virus species from 47 tea
pests (Ye et al., 2014). Tea looper NPV virus and tea NPV virus
in China have reached the degree of large-scale application.Cydia
pomonella granulovirus (CpGV) is one of the species that is most
used as a bio-pesticide (Berling, 2009).
Resistance to Biocontrol Agents
The diversity of the susceptibility of pest populations to
biocontrol agents is a first step for the development of resistance.
Few studies have described this diversity. For the Cry1F toxin
from Bacillus thuringiensis, geographical and temporal variability
in the susceptibility of Spodoptera frugiperda has been shown
in populations from Brazil (Farias et al., 2014). Similarly,
the variable susceptibility of natural populations to infection
with a baculovirus isolate has been described (Briese, 1986;
Abot et al., 1996). For instance, Abot et al. (1996) compared
the susceptibility of two laboratory colonies to a baculovirus,
AgMNPV, and tested the ability of each colony to acquire
résistance. These authors showed that the colony sharing the
same geographic origin (Brazil) with the virus (where the bio-
pesticide is widely used) was able to develop resistance better and
faster to the pathogen compared to a colony from the United
States.
Plant Extracts
Nicotine and Neonicotinoids
To our knowledge, resistance mechanisms to nicotine are not
addressed in scientific publications. Neonicotinoids, which act
onto the same target as nicotine, the nAChRs receptors, are more
studied. The results that have been obtained with this chemical
family, particularly those concerning the modification of the
nAChRs receptors to explain the mechanisms of resistance, may
be extrapolated to natural nicotine.
Every modification involving elements of the binding site of
nicotinoids and neonicotinoids in nAChRs is a potential source
of resistance (Bodereau-Dubois et al., 2012). Modifications of
nAChRs can be of two types, either at the pre- or the post-
transcriptional level.
Regarding pre-transcriptional modifications, the Y 151 S
mutation in the B loop from sub-units α1 and α3 from the
Nilaparvata lugens leafhopper is correlated with the resistance
of this insect to nicotinoids. This mutation induces a decrease
in the effects of nicotinoids and of the receptors’ sensitivity to
these insecticides (Liu et al., 2005, 2006; Yixi et al., 2009). Another
type of mutation, this time on the sub-unit Dα1, has also been
demonstrated inMyzus persicae. The mutation R81T within loop
D alters the insecticide binding site, and this amino acid change
confers a vertebrate-like character to the insect nAChR receptor
and reduces the sensitivity of Myzus persicae to imidacloprid 234
times (Bass et al., 2011).
Pyrethrum and Pyrethroid
Currently, pyrethrums are far less frequently used than are
pyrethroids, which underwent very strong development in the
1970s. The sustained use of pyrethrums and the fact that
DDT has the same mode of action have contributed to the
development of many cases of resistance. These products act on
the same target, and cross-resistances have been demonstrated,
especially between pyrethrums and DDT (Lloyd, 1969). DDT
itself is subject to cross-resistance with pyrethroids. One can
assume that resistance to pyrethroid will also apply to pyrethrins
and to pyrethrum. Based on this principle, we will detail
the main resistance that is encountered with pyrethroids on
insects.
“Knock-down” resistance is the oldest known form of
resistance against DDT and pyrethroids. This resistance was first
described in a housefly strain (Milani and Travaglino, 1957). The
reduction of the sensitivity of the nervous system in the housefly
is linked to an allele of the sodium channel gene. This allele is
recessive and is called kdr for knock-down resistance; it is located
on chromosome 3 (Tsukamoto et al., 1965).
A list of mutations in the sodium channel gene conferring
resistance to pyrethroids was compiled by Soderlund andKnipple
(2003). The emergence of different mutations is correlated with
the strong selection pressure, which encourages a reconsideration
of the perspectives of sustainability of the use of bio-insecticides
made from pyrethrum. The use of these bio-insecticides may
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be wise in some cases where the target pest would not show
pre-established resistance.
Neem Oil
Very few studies have highlighted the resistance to neem oil
for different reasons: the multitude of molecules and potential
mode of action of neem extract and the various modes of
action that have been identified for purified azadirachtin itself
(see paragraph 1.1). However, studies have demonstrated the
possible development of resistance (Feng and Isman, 1995) using
repeated treatments with either neem oil or purified azadirachtin
on peach aphid populations. After 40 generations, these studies
observed no resistance for aphids that were treated with neem
oil, whereas those that were treated with purified azadirachtin
presented a resistance that was 9-fold higher compared to that
of non-treated aphids. In extreme conditions, this resistance is
equivalent to a low tomedium resistance, which could be reached
in fields within 4–5 years of exclusive treatments because aphids
generally produce a maximum of 12 generations per year. This
bio-pesticide seems quite interesting in terms of durability.
Bacteria and Derivates
Bacillus Thuringiensis
At least 27 species of insects that are able to resist to Bt under
laboratory conditions have been listed. Many of these resistances
concern Lepidoptera (Pardo-Lopez et al., 2013). Thus, 3 species
have shown resistance to Bt-formulation applied in the field:
Plutella xylostella (Tabashnik, 1994), Trichoplusia ni (Janmaat
and Myers, 2003), and Plodia interpunctella (McGaughey, 1985).
Many other species are able to develop resistance under Bt
pressure under laboratory conditions (Table 2).
Resistance to Bt can occur at any step of the infection cycle.
This literature presents some examples of mechanisms that
have been discovered at different levels: (i) crystal degradation
by proteases, (ii) the absence of activation of the crystal by
N-aminopeptidases, (iii) the alteration of the protein-binding
membrane or (iv) the formation and insertion of the membrane
pore. The most common phenotype of resistance to Bt within
Lepidoptera is called “modus 1” and is characterized by a high
level of resistance (500 times higher compared to a sensitive
strain) for at least one toxin of the Cry1A family. Modus 1 has
recessive transmission and a very low or no cross resistance with
other toxin of the Cry1C family. Modus 1 resistance has been
reported for at least one Plutella xylostella,Heliothis virescens, and
Plodia interpunctella strain. Although certainly common, modus
1 is not the only phenotype of Bt resistance (Tabashnik et al.,
1998). Scientific studies of these mechanisms are mostly specific
to a Cry acting in one insect species. The following mechanism
analysis is not exhaustive.
Alterations implying primary and/or secondary receptors
The most represented resistance mechanisms consist of the
reduction of the Cry toxin-epithelial cell membrane link in
different insect species, including mutations or loss of receptors,
such as cadherin, alkaline phosphatases (ALP) or aminopeptidase
N (APN) (Bravo et al., 2011).
Ferre et al. (1991) demonstrated by comparing a resistant
strain of Plutella xylostella that was collected from a field
to a sensitive laboratory strain that the resistance difference
came from a lower affinity of the Cry1A toxin with the
membrane receptors of the epithelial cells. Gene mutations
decreasing or destroying the expression of cadherins are the
origin of Cry1A resistance of Heliothis virescens and Helicoverpa
armigera. Nevertheless, the molecular nature of these mutations
is not clearly known (Ferre and Van Rie, 2002; Heckel, 2012).
Many genes that are responsible for Bt resistance by cadherin
alterations have been identified. Among the 12 identified alleles
that are responsible for Cry1A resistance related to cadherins, one
concerns H. virescens, three P. gossypiella, and eight H. armigera
(Gahan et al., 2001; Morin et al., 2003; Xu et al., 2005; Zhao et al.,
2010). Similarly, Liu et al. (2000) showed that the mechanisms
that are involved in resistance differ between Cry natures. Indeed,
in P. xylostellales, the resistance mechanisms to Cry1C were
different from those that are involved in Cry1A resistance and
were not sufficient to induce a resistant phenotype.
Regarding the APN receptors, Herrero et al. (2005) revealed
the absence of one of them in a Spodoptera exigua strain that
is resistant to the Cry1Ca toxin. A northern blot analysis of
the 4 N-aminopeptidase expression levels revealed that the gene
coding for APN1 was not expressed, while the 3 others had
TABLE 2 | Cases of resistance of various insect species to Bacillus thuringiensis under field or laboratory conditions.
Insect species Product Lab/Fields References
Heliothis virescens Bacillus thuringiensis var. kurstaki Only in laboratory Macintosh et al., 1991
Leptinotarsa decemlineata Bacillus thuringiensis Only in laboratory Whalon et al., 1993
Ostrinia nubilalis Bacillus thuringiensis var. kurstaki Only in laboratory Huang et al., 1997
Plodia interpunctella Bacillus thuringiensis var. kurstaki Et autres Bt Fields McGaughey, 1985; McGaughey and Beeman, 1988; McGaughey
and Johnson, 1992
Plutella xylostella Bacillus thuringiensis var. kurstaki Fields Tabashnik, 1994; Wang et al., 2007
Pseudoplusia includens Bacillus thuringiensis var. kurstaki Only in laboratory Mascarenhas et al., 1998
Spodoptera exigua Bacillus thuringiensis Only in laboratory Moar et al., 1995
Spodoptera littoralis Bacillus thuringiensis Only in laboratory Mullercohn et al., 1996
Trichoplusia ni Bacillus thuringiensis var. kurstaki Greenhouse Janmaat and Myers, 2003
The resistance of mosquitoes and the resistance of insects to Bt GMO crops were not considered.
Frontiers in Plant Science | www.frontiersin.org 7 June 2015 | Volume 6 | Article 381
Siegwart et al. Sustainability of bio-insecticides
an equivalent expression level in either resistant or sensitive
populations. Similarly, Tiewsiri and Wang (2011) showed that
the resistance of Trichoplusia ni to the Cry1Ac toxin could be
explained by a reduced number of secondary protein receptors,
APN1, and the fitness loss would be compensated by APN6,
which is not involved in toxin binding. These alterations would
not be the result of APN1 and APN6 genes mutations but
more likely putative mechanisms of trans-regulation at the
transcription level of these genes. In a resistant laboratory strain
of H. armigera, a deletion in the HaAPN1 receptor gene is
involved in resistance to Cry1Ac but not in another resistant
strain from the field (Zhang et al., 2009). More recently, Khajuria
et al. (2011), after the analysis of 10 genes that were linked
to aminopeptidases, observed no differences in the expression
between resistant and susceptible strains of an O. nubilalis
population to Cry1Ab. However, a change in two amino acid
residues of a P-aminopeptidase (APP) coming from two resistant
strains could demonstrate the implication of the APP mutation
in the resistance.
Bt resistance does not systematically implicate mutations in
genes coding for proteins in the membrane of the epithelial
cells because susceptible and resistant populations of S. exigua
have the same expression level of those genes. Soluble APN
in the intestinal lumen acts as a competitive inhibitor of the
membrane form, preventing the fixation of Cry. These soluble
ANPs are present even without infection by Bt, which may
implicate the immune system. This resistance could be the result
of the constitutive activation of APN genes (Hernandez-Martinez
et al., 2010).
Alterations involving an ABC transporter
A second independent mechanism has been identified, implying
an ATP-binding cassette transporter (ABC transporter). The
discovery of this mechanism resulted in the identification of a
resistance allele to Cry1Ac in anH. virescens population, mutated
in a gene encoding the ABC molecular transporter. A simple
mutation of domain 12 of cadherin could induce resistance but
alone will not explain the loss of a link between the toxin and the
membrane (Gahan et al., 2010). The opening of the membrane
by the ABC transporter would promote the insertion of the
preformed pores. The exact action of this ABC transporter is not
totally understood, even if its implication has been demonstrated
in Bt resistance (Soberon et al., 2012). Subsequently, a loss of
ABC2 protein expression, which is genetically linked to resistance
to the Cry1Ac toxin, was discovered in Plutella xylostella and T.
ni (Baxter et al., 2011).
Protease implication
Digestive proteases play an important role in insect infection by
the activation of toxins. The observation of a reduced Cry1A
protoxin hydrolyzation level in Plodia interpunctella populations
that were resistant to Bt (Oppert et al., 1997) indicates a possible
reduction in the proteolytic activity, resulting in the less efficient
trypsin digestion of the protoxin. Similar mechanisms have been
demonstrated in Ostrinia nubilalis (Li et al., 2004) and in Bt-
resistant H. virescens populations, where a protease alteration
binding to Cry1Ac could play a role in the gain of resistance
(Karumbaiah et al., 2007). This alteration is based on a lack
of binding to one of the three recognition sites of the enzyme,
inhibiting their activity. The implication of this mechanism into
the resistance process is poorly known, although Herrero et al.
(2001) revealed that, in P. interpunctella, proteinase alteration
accounts for 90% of the resistance. Figure 1 summarizes the
mechanisms that are involved in resistance to Cry1Ac for several
insects.
Spinosyns
The first occurrence of resistance to spinosyns has been
highlighted in the laboratory with Heliothis virescens (tobacco
budworm) and Musca domestica (house fly) populations. Other
resistances have been identified, for example in Drosophila
melanogaster (fruit fly), Liriomyza trifolii (leaf miner),
Helicoverpa armigera (bollworm cotton), Plutella xylostella
(diamondback moth), Frankliniella occidentalis (western flower
Thrips), and Spodoptera exigua (beet army worm). These
pests show wide levels of resistance in the laboratory (Sparks
et al., 2012), and 6 species (two dipterans, three Lepidoptera
and one Thysanoptera) showed resistance to spinosyns in the
field (Table 3). The resistance levels of Plutella xylostella and
Frankliniella occidentalis are extremely high compared to those
the other insects (Table 3).
In most cases, resistance comes from a strong selection
pressure due to an intensive use of the spinosyns (Sayyed
et al., 2004). For example, Plutella xylostella became resistant to
spinosyns after only two years of use in Hawaii. This product
had been released on the Hawaiian market in 1998 to control
populations of P. xylostella, which is resistant to chemical
insecticides. In a very short time, spinosad became the most
employed control method against this pest. Between 2000 and
2002, a bioassay on P. xylostella populations showed resistance
to spinosyns throughout the entire island of Hawaii.
In a resistance management context, spinosad was withdrawn
from the Hawaiianmarket and was temporarily replaced by other
insecticides before being reintroduced two years later. Following
its reintroduction, a re-emergence of resistant individuals
occurred in some areas of the island (Zhao et al., 2002). The
development of resistance was probably due to monocultures
of Cruciferae, on which repeated treatments of spinosad were
performed in an isolated population of P. xylostella.
A cross-resistance event was highlighted between different
spinosyns. For example, populations of Drosophila melanogaster
are resistant to both spinosad and 2-butenyl (analogs of
spinosyns A isolated from S. pogona). Mota-Sanchez et al. (2006)
identified a possible cross-resistance between imidacloprid and
spinosad in populations of Leptinotarsa decemlineata (Colorado),
a major pest of potatoes in Latin America and Europe.
Sayyed et al. (2008) reported cross-resistance to indoxacarb in
Spodoptera litura. Dunley et al. (2006) showed cross-resistance
in populations of the leafrollers Choristoneura rosaceana and
Pandemis pyrusana in Washington apples.
Spinosyn resistance mechanisms are not fully understood;
however, two mechanisms seem to be involved. A very large part
of the resistance can be attributed to a molecular target change.
This change has been demonstrated in several pests (Sparks et al.,
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FIGURE 1 | Schematic representation of the different mechanisms of resistance to the 3d-Cry toxin as described in Lepidoptera insects (Reproduced
with permission from Pardo-Lopez et al., 2013).
TABLE 3 | Resistance to spinosyns and the involved mechanisms (Sparks
et al., 2012).
Insect species Insecticides Resistance Mechanism
ratio involved
Bactrocera oleae Spinosad 10–13 –
Liriomyza trifolii Spinosad >118a–1192b –
Helicoverpa armigera Spinosad 4–9,5 Cytochrom P450
Plutella xylostella Spinosad >20000 Target mutation
Spodoptera exigua Spinosad 33–158 Cytochrom P450
Frankliniella occidentalis Spinosad 13500 Target mutation
Drosophila melanogaster 21-butenyl A 265 Target mutation
Spinosad 1181
Spinetoram 176
a In the 4 months prior to collection, CA-1 strain had multiple applications of cyromazine,
abamectin and spinosad.
bJust prior to collection, CA-2 strain had multiple applications of abamectin and spinosad;
no cyromazine.
2012). For example, a modification in the Dα6 sub-unit from the
nAchR receptor of Drosophila melanogaster creates very strong
resistance, suggesting that this sub-unit is the anchor of the
spinosad (Perry et al., 2007). However, the resistance of Plutella
xylostella is due to alternative splicing in the sub-unit α, leading to
the premature formation of a stop codon inactivating the nAchR
(Baxter et al., 2010; Rinkevich et al., 2010).
Fungus
The mechanisms that are involved in resistance to fungi
are usually defense mechanisms, mainly protease inhibitors,
such as serine protein inhibitor (SPI), trypsin inhibitors (TIs),
chymotrypsin inhibitors (CIs), elastase inhibitors and subtilisin
inhibitors. In Bombyx mori, 14 SPIs are over-expressed during
a pathogenic infection, such as SPI 11 during infection
with Beauveria bassiana (Zhao et al., 2012). The inhibiting
action of SPI 38 on many virulence factors, such as CDEP-
1 of B. bassiana, K protease of E. album, subtilisin A of
B. licheniformis, andAmP ofA.melleus, was also attested (Li et al.,
2012a).
Another type of gene involved in these resistance phenomena
is an AFP (antifungal protein). This gene was found in
Sarcophaga peregrina, and its action was described in the yeast
Candida albicans. AFP represses fungal growth, and a synergistic
action with a sarcotoxin IA, which is present in the hemolymph
of insects during infection, has been demonstrated. From binding
experiments, it appears that AFP binds to nucleic acids and that
this binding is blocked in salt solution, but the protein preserves
its antifungal activity (Iijima et al., 1993).
Viruses
Lepidoptera larvae become increasingly resistant to NPV
infections as they age. Briese (1986) summarized the variation
for 20 insect species. This author reported resistance ratios
reaching to 350,000-fold for Pieris brassicae granulovirus but
only 10-fold for Cydia pomonella granulovirus on their respective
hosts, justifying the importance of early treatments when using
baculoviruses for pest control. It has been proposed that this
resistance may reflect the increase in the weight of the host;
although no dose increase is required when the virus is injected
(Engelhard and Volkman, 1995).
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Variations in the susceptibility to a given virus isolate between
insect populations from different geographic origins have also
been observed (Briese, 1986). Even within a single population,
the presence of individuals with a reduced susceptibility was
noted for the codling moth (Sheppard and Stairs, 1977). These
differences have been related to the specific genetic background
of the populations. In the potato tuber moth, Phthorimaea
operculella; the reduction in the susceptibility to a Phthorimaea
operculella granulovirus (PhopGV) isolate was due to a single
dominant autosomal gene. This reduction resulted in a 15-fold
resistance ratio (Briese, 1986). In the armyworm Spodoptera
frugiperda, a fivefold difference in the susceptibility of two
laboratory colonies to three different baculoviruses has been
attributed to a single or few autosomal genes (Reichelderfer
and Benton, 1974). In contrast, in the codling moth, this
susceptibility appears to be under multigenic control (Berling
et al., 2013). Maintaining the differences in susceptibility between
insect populations does not seem to rely on the presence of the
virus. David and Gardiner (David and Gardiner, 1965) reported
that two colonies of Pieris brassicae showing differences in
susceptibility to two isolates of the Pieris brassicae granulovirus
(PbGV) maintained the differences after 36 generations in the
laboratory in the absence of virus contact.
Under laboratory conditions, Abot et al. (1996) reported that
populations of the velvet worm Anticarsia gemmatalis collected
from Brazil and the USA could develop resistance when exposed
to the LD-79 isolate of AgMNPV. Resistance began to develop
after 4-5 generations and reached a plateau after 15 generations.
The final level of resistance (up to a 17,000-fold increase) depends
on the population origin, suggesting that the original genetic
variability of the host population is an important factor. However,
in Brazilian fields, the use of AgMNPV to control the velvet worm
represents approximately one million hectares, but no increase in
the dose is required to control the insect.
There are different hypotheses regarding the mechanisms
that are involved in resistance. Fuxa and Richter (1990) showed
that the mortality of the sensitive and resistant larvae of
Spodoptera frugiperda did not differ when the virus is injected
into the hemocele and concluded that resistance is associated
with midgut cell penetration. Detailed studies have revealed
increased difficulty for the virus to transfer the infection
from the midgut cells to the rest of the larvae. The first
mechanism relies on the capacity of the host to renew midgut
cells by sloughing, permitting the elimination of infected cells
during larval development. During molting from the 4th to
5th instars in T. ni, all infected of the midgut cells were
eliminated (Engelhard and Volkman, 1995). There have been
no observations indicating whether during molting from each
instar to the next, all of the midgut cells are renewed. The
second mechanism that has been proposed is the disruption
of the peritrophic membrane (PM), which would protect the
infection of midgut cells. The presence of stilbene-derived optical
brighteners reduces or abolishes this developmental resistance
(Murillo et al., 2003). Optical brighteners interfere with the
synthesis of chitin, one of the components of the PM (Wang and
Granados, 2001). In addition, an analysis of the structure of the
PM, which presented differences between AgMNPV-susceptible
and -resistant laboratory colonies of A. gemmatalis, suggested
its involvement in resistance (Levy et al., 2007). However,
optical brighteners also seem to prevent midgut cell sloughing
(Washburn et al., 1998). Grove and Hoover (2007) observed a
variation in the susceptibility within the same larval instar in
Lymantria dispar that is not limited to the midgut but is systemic.
These authors suggest that the observed effect is the result of
anti-viral defenses that are hormonally controlled.
From 2003, failure of codling moth control on orchards that
were treated by CpGV-Mwas detected in Germany (Fritsch et al.,
2005) and then in other countries in Europe (Sauphanor et al.,
2006; Schmitt et al., 2013). The resistance in field populations
reached 1000-fold, but this ratio in laboratory colonies of pure
resistant genotypes, such as C. pomonella RGV, is as high as
60,000-fold (Berling et al., 2009).
Asser-Kaiser et al. (2010) showed that the resistance of the
codling moth to CpGV is not conferred by a blockage at
the midgut level either by the modification of the PM or by
the modification of brush border cell receptors. The resistance
is generalized to all cells in the insect; the virus enters, but
replication is blocked at an early phase (Asser-Kaiser et al.,
2010). A virus-cell incompatibility is suggested. Interestingly,
this resistance is restricted specifically to the CpGV-M genotype;
other isolates, such as CpGV-I12 (Eberle et al., 2008) or CpGV-
R5 (Berling et al., 2009), are not inhibited. The mechanism
underlying this resistance is not known, even though pe38, the
virus gene that is involved in the difference between isolates able
to replicate (ex CpGV-R5) or not (CpGV-M) in resistant larvae,
has been identified (Gebhardt et al., 2014).
Cross Resistances and Detoxification Systems
Recombination tests expressing Cry1Ab showed that a cross-
resistance to CpGV and Bt is not likely (Asser-Kaiser, 2009).
There are few recorded cases of cross-resistance to organic
insecticides. Sayyed et al. (2004) showed the existence of a
population of Plutella xylostella “CH1” from the field that is
resistant to several insecticides (Multidrug resistance) that do not
have the same mode of action or the same target. This resistance
relates to spinosad and Bt Cry1Ac.
However, there are many cases of cross-resistance between
spinosad and insecticides belonging to the chemical class
of neonicotinoids. Because they have the same molecular
target, a change in nAChR may result in a lower affinity
to several products (Puinean et al., 2013; Bao et al., 2014).
This consideration is also true for both pairs natural
pyrethrum / pyrethroid (Soderlund and Knipple, 2003) and
nicotinoid/neonicotinoids (Bodereau-Dubois et al., 2012).
Similarly, cell detoxification mechanisms selected from
chemical insecticides can also enable the degradation and
expression of organic insecticides. For example, Dunley et al.
(2006) reported that populations of Choristoneura rosaceana
and Pandemis pyrusana are resistant to azinphos-methyl,
tebufenozide, spinosad, and methoxyfenozide. This mechanism
of resistance is different from the molecular target modifications
previously described; it consists of the sequestration, elimination
or metabolization of the xenobiotic products. These processes
can involve enzymes with P450 cytochromes, which introduce
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an oxygen atom into their substrates; esterases (or hydrolases),
which cleave esters and amides, thus increasing the polarity of
the metabolites; or glutathione-S-transferase, which catalyzes the
conjugation of molecules with an electrophilic center with the
thiol group of the glutathione.
P450 cytochromesmono-oxygenases are involved in the insect
metabolism of juvenile hormones and ecdysones, in the synthesis
of pheromones, and in the protection against plant toxic
substances. The P450 cytochrome enzymatic systems are often
compared to the components of the immune systems because
of their implication in defense reactions. This comparison is
valid because the synthesis of many P450 cytochrome enzymes
is induced in the presence of the toxic substances that they
metabolize. The role of the over-expression of the gene coding
for the enzyme CYP6G1 (an oxidase) in the resistance of
Drosophila melanogaster to nicotine (Li et al., 2012b) has
been studied. Housefly resistance to spinosad is also partly
due to P450 cytochrome mono-oxygenases. Markussen and
Kristensen (2012) report that this resistance is female-linked,
with a negative cross with neonicotinoids in one strain, and the
alteration of cytochrome P450 gene expression. In both cases,
an addition of an activity inhibitor of the mono-oxygenases,
such as piperonyl butoxide (PBO), permits the recovery of
some of the product effectiveness. This molecule is sometimes
called a “synergist” of the insecticide action in some cases of
resistance to various insecticides. Many commercial products
based on pyrethrum contain PBO to increase its effectiveness.
Resistance to spinosad is attributed to detoxification by p450
in the following pests: Musca domestica (Hojland et al., 2014),
Thrips palmi (Bao et al., 2014), Cydia pomonella (Reyes and
Sauphanor, 2008), Plutella xylostella (Pu et al., 2010), Bemisia
tabaci (Wang et al., 2009a), and Helicoverpa armigera (Wang
et al., 2009b).
However, the increase in GST and esterase activities under
conditions of stress as induced by the presence of nickel at
sublethal doses does not necessarily increase the resistance of
Galleria mellonella to B. bassiana. In contrast, an increased
susceptibility is noted by Dubovskiy et al. (2011). Enzyme-
induced defenses seem to be specific to the stress to which
the insect is subjected. One case of resistance to Bacillus
thuringiensis subsp israeliensis (Bti) in Aedes rusticus larvae
(Diptera: Culicidae) was reported and presumably attributed
at a detoxification mechanism by GST (Boyer et al., 2012). In
addition, Gunning et al. (2005) reported that the sequestration
of the Bt toxin Cry1Ac in a tolerant H. armigera strain is due
to toxin binding to esterases. There is no case of resistance
to bio-insecticides, implying insect behavioral changes or the
direct excretion or penetration reduction of a bio-insecticide,
whereas there are well-documented mechanisms with chemical
insecticides.
Sustainability of Biocontrol Agent Efficacy
The ability of pests to become resistant to chemical pesticides has
been widely studied. This topic has been the subject of various
scientific articles and books (Georghiou and Taylor, 1977; Roush
and Tabashnik, 1990). Here, we will summarize these findings
and include what differentiates bio-pesticides from their chemical
counterparts.
Resistance Risks Factors
Genetic Factors in the Pest
The various factors (here underline) that could influence
resistance emergence were initially defined for chemical
insecticides, but most of them also apply to biocontrol agents.
The first factors are related to genetics of the pest. The presence
of mutations conferring a pre-existing resistance includes
insects showing resistance to chemical products that can
also be resistant to innovative products, which could be the
case for nonspecific resistance mechanisms as well as specific
mechanisms if the molecular target is the same (example:
pyrethrum with synthetic pyrethroid or DDT). The higher is the
number of mutations that are required for resistance, the lower
is the risk of occurrence of resistance. The dominance level of
the resistance allele has also an impact on both the maintenance
and dispersion speed of resistance (Comins, 1977; Taylor and
Georghiou, 1979; Curtis et al., 1987). This level will determine if
heterozygous individuals are killed by the pesticide. This factor
is particularly influential when sensitive pest are introduced to a
resistant population (Tabashnik and Croft, 1982). Studies have
demonstrated that it is easier to handle dominant monogenic
resistances than recessive polygenic resistances (Hoy, 1985).
The identity of the chromosome carrying the resistant allele
also influences the mode of transmission of the resistance. We
illustrate this statement with two examples of resistance to the
BCA with different transmission modes.
The heredity of CpGV-M resistance was first described as
monogenic and sex-linked determinism (Asser-Kaiser et al.,
2007; Berling et al., 2007). Asser-Kaiser et al. (2010) showed
that the level of resistance was not similar between heterozygous
and homozygous males, suggesting a gene dosage effect. The
very strong efficiency of the resistance and this effective mode
of transmission were brought to rapid selection under constant
pressure of the virus (Berling, 2009). Underlying this major
resistance, the genetic background also plays a role (Berling et al.,
2013).
Research on the mode of transmission of Bt resistance has
revealed the lack of a unique mechanism. Kaur and Dilawari
(2011), under laboratory conditions, showed that the resistance
of Helicoverpa armigera to Cry1Ac was autosomal, partially
recessive and polygenic. Similar conclusions were obtained for
populations of Plutella xylostella (Sayyed et al., 2000), Heliothis
virescens, and Pectinophora gossypiella (Kaur andDilawari, 2011).
However, studies with P. xylostella, revealed that the sex of the
parent carrying the resistance to Cry1Ab was important to the
survival of the F1 generation (Martinez-Ramirez et al., 1995). A
similar observation was reported for a population of S. littoralis
with Cry1C (Chaufaux et al., 1997). The genetics of resistance
appear sometimes variable between populations of the same
species. Plutella xylostella is a good illustration. A population
coming from Hawaii carries a trait of resistance to Cry1Ac that
is partially dominant, while a population from South Carolina
carries one trait that is partially recessive. Other studies have
reported that this resistance was completely recessive. Are we
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in the presence of a complex set of alleles showing different
dominances? (Kaur andDilawari, 2011). The picture is evenmore
complex, as the apparent dominance seems to be related to the
dose ingested. Sayyed et al. (2000) noted that the amount of toxin
that was ingested affected the dominance of the resistant allele to
Cry1Ac in P. xylostella. In the presence of low concentrations,
resistance is almost completely dominant, whereas for higher
concentrations, resistance is recessive. Increasing the dose of
toxin can be efficient only if the resistance is not fully dominant.
In contrast, if the resistance is dominant, high doses of Bt lead
to a rapid increase in the resistance frequency in the insect
population.
The frequency of resistant individuals in the case of
monogenic resistance increases proportionally to the logarithm
of the initial frequency of the resistance allele (Tabashnik and
Croft, 1985). For example, Bourguet et al. (2003) and his team
suggested that the initial frequency of a resistance allele to Bt in
Ostrinia nubilalis from the northern USA and France is probably
rare enough to delay resistance. Last but not least, genetic factors
affect the incidence of resistance on insect fitness in the absence
of selection pressure. This factor is one of the most determining
factors for the propensity and the stability of resistance in the
field (Georghiou, 1983). Resistant individuals frequently have
lower fitness in the absence of pesticide. The pleiotropic cost
includes features such as the rate of development, survival rate,
fecundity, fertility, sex ratio reproductive and dispersive capacity.
Resistance to Bt decreased in the absence of selection in a large
number of laboratory strains (Janmaat and Myers, 2003). Under
these conditions, resistance at the population level is reversible,
and a susceptible population can quickly be resettled. Gassmann
et al. (2009) reviewed 77 studies, including 18 species, and a
biological cost of resistance to Bt was detected in nearly 60%
of the cases. These authors report that in most cases, this cost
affects the recessive resistance and that the non-recessive cases
were more strongly selected against resistance. The changes
in the cadherin genes, the proteases and the aminopeptidases
constituted a biological cost of resistance that could have serious
consequences on the food performances of these insects.
Concerning baculoviruses, the resistance that was observed in
A. gemmatalis after selection against AgMNPV reverted to the
original levels after a few generations without virus treatment,
suggesting a selective cost for maintaining the resistance (Fuxa
and Richter, 1989, 1998). However, a different figure is observed
for C. pomonella resistance to CpGV-M. The resistance remained
stable for 30 generations without contact with the virus, and only
a 10-fold reduction was obtained after 60 generations (Undorf-
Spahn et al., 2012), suggesting that, at least under laboratory
conditions, no (or very reduced) fitness cost is associated with
maintaining this resistance.
Biological and Ecological Factors in the Pest
The number of generations per year is directly proportional to
the resistance evolution rate (Tabashnik and Croft, 1985).
The pest might develop a resistance faster because the
selection process is accelerated when the number of generation
per year is high. Therefore, insects with shorter cycles are
more likely to develop resistance. Similar to the number of
generations per year, the fecundity accelerates the rate of
multiplication of an individual and consequently the chances
of transmitting resistance trait. The more polyphagous is
the pest, the wider is its potential area of spreading, and
the higher is the propagation of the character of resistance.
However, if agricultural practices differ between cultures (the
use of different products for instance), the possible benefits
for the resistance that is provided by that factor are canceled.
The reservoir of susceptible genotypes is a crucial factor for
the evolution of resistance. The immigration of susceptible
individuals to treated areas can reduce the development of
resistance by increasing the frequency of susceptible alleles
(Comins, 1977; Georghiou and Taylor, 1977; Taylor and
Georghiou, 1979; Tabashnik and Croft, 1982; Curtis et al., 1987).
These models also demonstrate that the rates of resistance
decrease as the ratio of sensitive migrants in the treated area
increase. Models have been developed to optimize these refuges
in a context of resistance management to Bt-corn (Tyutyunov
et al., 2008).
In contrast, the emigration of resistant individuals from a
treated to an untreated area increases the rate of development
of resistance in that area (Comins, 1977; Taylor et al., 1983).
Therefore, pest mobility is the last factor considered in this
section.
Factors Related to the Biocontrol Agent
The novelty of the biocontrol agent (BCA) and the
originality of this mode of action are the first factors. If the
molecular target of the bio-pesticide is already under selection
pressure by other pesticides, its pressure will increase the
propensity to develop resistance. The low persistence of the
products in the environment will lead the grower to treat several
times, thus selecting resistant individuals faster. Inversely,
more persistent products will allow for the application of
less insecticide. A high persistence could submit pests to a
continuous selection pressure and lead to the selection of
resistant individuals. It is necessary to find the right trade-
off between frequency of application and persistence. The
detoxification capacity (in the case of extracts) states that the
pre-adaptation hypothesis postulates that pests are pre-adapted
to detoxify the (bio) pesticides because they have already
developed systems that allow them to detoxify compounds
generated by plant defense mechanisms, such as alkaloids,
terpenoids, phytosteroids, and other allele-chemicals. Such
studies have confirmed these hypotheses on phytophagous
species, although there are some exceptions (Rosenthal and
Janzen, 1979; Berenbaum, 1985; Berenbaum and Neal, 1987).
The risk of cross-resistance is estimated from the original
baseline susceptibility (see general introduction). Finally, the
risk of resistance will be much higher for a “uni-site” than for
a “multi-site” insecticide or bio-insecticide. For a multi-site
bio-insecticide, the diversity of targets will significantly reduce
the risk of resistance. However, cases of resistance to Bt (a famous
multi-sites insecticide) have already been reported. It would
be interesting to include the use of bio-pesticides in a more
integrative control method that includes a set of practices to
reduce the appearance of resistance: integrated control.
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Operational or Agronomic Factors
The number of host plants that are treated is directly linked
to the number of pest host plants, as well as the territory
fragmentation. The less fragmented is the territory,
the easier and faster the resistance will appear. The
number of applications / number of treated generations is
directly linked to the resistance allele frequency. The speed of
resistance emergence is therefore proportional to this factor.
The existence of generations free from selection pressure can
greatly reduce the rate of emergence of resistance. Rotations
promote breaks in the proliferation of a specific pest and thus in
its resistance. Monoculture is a detrimental factor in maintaining
the long-term efficiency of a product. The applied dose could
also be a risk factor. When a dose selects the resistant individuals
at the expense of the susceptible ones, it could favor an increase
in the frequency of resistant individuals. The landscape structure
will influence the dissemination of pests and more precisely
of resistant pests. Compared to traditional farming systems,
organic farming uses a larger number of applications, but crop
rotations are almost systematic. As organic farming remains
marginal, treated plots are disseminated in the landscape,
favoring resistant and susceptible population mixtures. In total,
operational and agronomic factors should not cause a greater
risk of resistance emergence to the BCA compared to chemical
insecticides.
In summary, the three most influential factors in the
estimation of the risk of resistance are the reproductive factor
(number of generations per year + fertility), the dispersive
capacity, and the fitness cost. A few of these factors are
alterable by human action: the operational/agronomic factors
and the factors that are related to the BCA. Among these
factors, the number of treatments and the proportion of
the treated population (number of treated host plants +
reservoirs of susceptible genotype) are the two main parameters
that can influence the apparition of resistance (Tabashnik
and Croft, 1982; Regnault-Roger et al., 2002). Most models
anticipate the reduction of the number of treatments. This
approach has been called management by “moderation” or
the “decreased pesticides use” strategy. However, this strategy
is not always possible in the field. Prior to their marketing
authorization, it would be appropriate to have an analysis of
risk factors for organic control products to assess their potential
sustainability.
The power of living organisms, such as fungi, viruses or
bacteria, is their potential to co-evolve with the pest if they
are allowed to. Because of the complexity of the mechanism
of host-pathogen interactions, it is much more difficult for the
pest to overcome the treatment. In return, the pathogen does
not completely eliminate its host. Purified extracts of plants
or bacteria that have a single target in the insect host have
properties that are closer to those of chemical insecticides;
they cannot adapt. Therefore, the risk of resistance is higher.
Finally, the long co-evolution history of host and pathogens
is responsible for the weaker efficiency compared to that
of chemical molecules, which in return is a guarantee of
durability.
Management Strategies
Risk management reduces risk by (i) reducing the potential
impact of the hazard, (ii) reducing the probability of the hazard
occurring and (iii) reducing the exposure.
Based largely on theoretical work, several tactics have been
proposed by Georghiou (Georghiou, 1983) for use in integrated
resistance management strategies. These tactics fall into three
categories:
Management by moderation aims to reduce selection for
resistance by preserving susceptible insects in the population
through the use of low-application doses, less frequent
applications, short-lived residues, or the creation of untreated
refuges. Lowering application rates will only help whenmanaging
resistance under very specific circumstances and if not will
drastically lower the efficacy of the control.
Management by saturation aims to overcome resistance using
doses that are sufficiently high to kill even resistant insects and/or
using compounds toward which resistance is weaker. In some
cases, “high-dose” strategies have been proposed to prevent a
first emergence of resistance by the elimination of heterozygous
resistant individuals (Georghiou, 1983; Roush and Tabashnik,
1990). However, these strategies probably apply only to cases
where the exposure of the insect to insecticides is relatively
uniform and can be precisely controlled.
Management by multiple attacks involves the use of two or
more unrelated insecticides to reduce the selection of resistance
to each of them. The compounds can be applied simultaneously
as mixtures that are alternated over time or applied in more
complex spatial patterns known as mosaics.
Are these principles applicable to biocontrol agents? The
availability of products in the market is a requisite for their use
with a multiple attack strategy. The use of product mixtures is
often prohibited for bio-insecticides because of the nature of
these products, which are more fragile and technical than are
chemical molecules. To implement an efficient strategy against
bio-pesticide-resistant insects, new products are needed, together
with a wide knowledge of their mechanisms of action. Research
is necessary to allow sustainable control in modern agriculture.
Moreover, to limit the emergence of resistance to bio-
insecticides, they must be used according to the defined policies.
The use of chemical insecticides should be a last resort. It is
important to develop a large variety of methods to reduce pest
damage and put diverse selection pressures in place.
In addition to the implementation of these strategies, it is
important to monitor the effectiveness of the treatments that are
used to detect the emergence of resistances as soon as possible.
In the event of ineffective treatment, questioning is necessary. If
resistance is the cause, the pest control strategy should be rapidly
redrafted to limit the selection of resistant individuals.
Conclusion
Resistance to insecticides is a major problem for agriculture
and for the control of disease vectors. Cases of resistance
have been reported since the 1950s, although they have been
considered in recent years. Bio-insecticides include a wide variety
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of compounds and organisms to ensure plant protection. One
would expect that the diversification of the molecular and
biochemical targets in pests could limit emergence of resistance
(Regnault-Roger et al., 2002). The use of a limited number of
targets in a systematic and repeated manner, however, generates
cases of resistance. This figure is more striking when the
bio-insecticide is a purified product (a single molecule, such
as a specific Bt toxin). Under these conditions, there is no
fundamental difference between a synthetic molecule and a bio-
insecticide. We can extrapolate the figure for the use of a single
virus genotype. When the full complexity of the agent is retained,
as when using complete Bt spores and crystals, crude neem
extracts, or genotypically diverse virus populations, no resistance
development has been observed.
This bibliographical study shows that a broad proportion
of resistance cases are due to a specific mutation or post-
transcriptional modifications in the molecular targets of the
biocontrol agent (Lloyd, 1969; Perry et al., 2007; Baxter et al.,
2010; Rinkevich et al., 2010; Bravo et al., 2011; Bodereau-Dubois
et al., 2012). Cases of the development of aspecific resistances
are relatively rare compared to chemical insecticides, even if
differences in susceptibility are found between geographically
different insect populations. This observation, coupled with the
specific mode of action of each biocontrol agent, leaves little
probability of cross-resistant development.
The fitness cost that is associated with resistance is very
variable. The genetics underlying the transmission are also
variable, multigenic or monogenic, recessive or dominant.
These facts prove that resistances to bio-pesticide molecules
are likely to arise in the future and will be various and diverse
but are less likely when increasing the diversity of the biocontrol
agents.
Cases of resistances to living organisms, such as
entomopathogenic fungi, provide a good outline of the
complexity of co-evolving systems.
Following the comparison, we realize that most of the durable
varietal resistances are those that are multigenic. The long co-
evolution of a plant and its pest or of an insect pest and
its biocontrol agent will support the development of complex
strategies, which will not be commonly avoidable by a single
mutation. In contrast to our general thinking some years ago,
resistance to a virus genotype in the field has occurred. In the
case of codling moth resistance to the granulosis virus (CpGV-
M), a very strong resistance is mainly conferred by a dominant
allele, making this product completely ineffective in resistant
populations. Other genotypes that are present in viral natural
populations control these resistant insects. It has been recently
suggested that the CpGV-M genotype corresponds to the recent
evolution of CpGV (Eberle et al., 2009) which would suggest
that this genotype has a selective advantage (for example, a
higher progeny yield in the larvae). The presence of such an
advantage would be frequency-dependent in a partially resistant
host population but represents a clear advantage if the host is fully
susceptible. Soon after the first isolation of CpGV-M, Sheppard
and Stairs (Sheppard and Stairs, 1977) noted the variable
response of hosts, suggesting that codling moth populations
already comprised some resistant individuals. Although the
genetic variability of natural populations of baculoviruses has
been detected since the earlier works on Restriction Enzyme
Length Polymorphism analysis of baculovirus (mainly NPV)
genomes, its relevance in terms of biological control is quite
recent. The registration process, which was mainly inspired on
chemicals, was developed for the most homogeneous possible
active ingredient, which is a pure genotype. It was only after the
REBECCA European project and the emergence of resistances
that the importance of the diversity of a virus population began
to be considered.
The management of resistance to bio-insecticides is essential
for a long-term vision of biocontrol. Consequently, these
new resistances must be monitored, studied and managed.
Bio-insecticides, which are considered universal resistance-
proof methods, appear to present risks. The key point is
the management of the selection pressure by the following:
(i) The diversification of the control methods on fragmented
areas will reduce the pressure of selection and especially the
spread of resistant individuals. The complexity of action for
biological control agents is maintained, as the acquisition of
resistance requires more significant changes in these cases, and
resistance is therefore less likely. (ii) Allowing continuous co-
evolution between the host pest and its pathogen, resulting in
the compensation of specific host mutations. (iii) Maintaining a
careful and detailed monitoring of the development of resistance
to react quickly to the first confirmed cases.
This study highlights the necessity for the proper management
of these new products to avoid repeating previous mistakes.
In addition, it appears that pest control strategies demand
a continuous adaptation and careful selection of a product.
Hopefully, completely new modes of action are emerging, as in
Glare et al. (2012). A margin of progress that is important in
improving bio-insecticides is the formulation design enhancing
the establishment of bio-control agents in the roots or leaves of
the crop (Kamilova et al., 2005; Bruck, 2010). For example, a seed
treatment system with a bio-insecticide could emerge (Kabaluk
and Ericsson, 2007). Without talking about genetically modified
plants, genetic engineering can also be used to express pesticidal
compounds in plants via endophytes (Qi et al., 2011). These
new approaches are very promising for the management of bio-
pesticides resistance because they have different modes of action.
The advantage of working on living organisms (complex systems)
unlike chemical molecules lies in the possibilities of tackling the
problem from several points of view. Each new progress will lead
to the better sustainability of these techniques.
Bio-insecticides are a future solution in substitution for or
in addition to synthetic products. However, we must be careful
and use them reasonably to avoid failures. A bio-insecticide
can be the only solution in some cases of total resistance to
chemical products, which is the case for insects that are resistant
to pyrethroids that can be treated with fungal entomopathogenic
organisms. Having a completely different mode of action,
no cross-resistance has been observed. In contrast, cross-
resistance can be observed between bio-insecticides and synthetic
insecticides with a related mode of action, as is the case
between the neonicotinoids and spinosad (Mota-Sanchez et al.,
2006).
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An increase in the acceptable damage threshold is
undoubtedly a key factor if we want to reduce the selection
pressure on pests and therefore the risks of resistance outbreaks.
This increase requires a change in the market practices
(acceptance of imperfect products, short distribution circuit to
avoid prolonged conservations) and an increase in the market
prices (because of bigger losses).
The use of bio-insecticides therefore requires a good
knowledge of their mode of action to alternate targets and thus
associates them with conventional plant treatments. However,
the acquired knowledge would permit the use of these bio-
insecticides wisely and include them in a larger set of resistance
management. This knowledge would play a crucial role in
integrated pest management. Alternating between chemical
families, the use of the previously mentioned preventive methods
(cultural, physical, genetic, etc.) associated with bio-insecticides
could significantly prevent the occurrence or the development of
some resistances.
Acknowledgments
This work was financed by European Union Seventh Framework
Programme (FP7/ 2007–2013) under the grant agreement
n◦265865 (PURE).
References
Abot, A., Moscardi, F., Fuxa, J., Sosagomez, D., and Richter, A. (1996).
Development of resistance byAnticarsia gemmatalis from Brazil and the United
States to a nuclear polyhedrosis virus under laboratory selection pressure. Biol.
Contr. 7, 126–130. doi: 10.1006/bcon.1996.0075
Akhila, A., and Rani, K. (2002). Biosynthesis of some biologically active limonoids
in the leaves of Azadirachta indica (the Indian neem tree). Indian J. Heterocycl.
Chem. 11, 299–302.
Asser-Kaiser, S. (2009). On the Inheritance and Mechanism of Baculovirus
Resistance of the Codling Moth, Cydia Pomonella (L.). Doctoral dissertation,
Johannes Gutenberg, Mainz, Germany.
Asser-Kaiser, S., Fritsch, E., Undorf-Spahn, K., Kienzle, J., Eberle, K., Gund,
N., et al. (2007). Rapid emergence of baculovirus resistance in codling
moth due to dominant, sex-linked inheritance. Science 317, 1916–1918. doi:
10.1126/science.1146542
Asser-Kaiser, S., Heckel, D., and Jehle, J. (2010). Sex linkage of CpGV resistance
in a heterogeneous field strain of the codling moth Cydia pomonella (L.).
J. Invertebr. Pathol. 103, 59–64. doi: 10.1016/j.jip.2009.10.005
Bai, D., Lummis, S., Leicht, W., Breer, H., and Sattelle, D. (1991). Action
of imidacloprid and a related nitromethylene on cholinergic receptors
of an identified insect motor-neuron. Pestic. Sci. 33, 197–204. doi:
10.1002/ps.2780330208
Bao, W., Narai, Y., Nakano, A., Kaneda, T., Murai, T., and Sonoda, S.
(2014). Spinosad resistance of melon thrips, Thrips palmi, is conferred by
G275E mutation in alpha 6 subunit of nicotinic acetylcholine receptor and
cytochrome P450 detoxification. Pestic. Biochem. Physiol. 112, 51–55. doi:
10.1016/j.pestbp.2014.04.013
Bass, C., Puinean, A., Andrews, M., Cutler, P., Daniels, M., Elias, J., et al. (2011).
Mutation of a nicotinic acetylcholine receptor beta subunit is associated with
resistance to neonicotinoid insecticides in the aphid Myzus persicae. BMC
Neurosci. 12:51. doi: 10.1186/1471-2202-12-51
Baxter, S., Badenes-Perez, F., Morrison, A., Vogel, H., Crickmore, N., Kain, W.,
et al. (2011). Parallel evolution of Bacillus thuringiensis toxin resistance in
Lepidoptera. Genetics 189, 675–679. doi: 10.1534/genetics.111.130971
Baxter, S., Chen, M., Dawson, A., Zhao, J., Vogel, H., Shelton, A. M., et al. (2010).
Mis-spliced transcripts of nicotinic acetylcholine receptor alpha 6 are associated
with field evolved spinosad resistance in Plutella xylostella (L.). PLoS Genet.
6:e1000802. doi: 10.1371/journal.pgen.1000802
Beas-Catena, A., Sánchez, A., Mirón, García-Camacho, F., Contreras-Gómez, A.,
andMolina-Grima, E. (2014). Baculovirus bio-pesticides: an overview. J. Anim.
Plant. Sci. 24, 362–373.
Berenbaum, M. (1985). Synergistic interactions among allelochemicals in crop
plants. Abstr. Pap. Am. Chem. Soc. 190, 75-AGD.
Berenbaum, M., and Neal, J. (1987). Interactions among allelochemicals and insect
resistance in crop plants. ACS Symp. Ser. 330, 416–430. doi: 10.1021/bk-1987-
0330.ch037
Berling, M. (2009). Durabilité du Contrôle du Carpocapse des Pommes et des Poires
(Cydia Pomonella) Avec le Virus de la Granulose (CpGV): Résistance Versus
Virulence. Doctoral dissertation, Pau et des pays de l’Adour, Pau, France.
Berling, M., BlachereLopez, C., Soubabere, O., Lery, X., Bonhomme, A.,
Sauphanor, B., et al. (2009). Cydia pomonella granulovirus genotypes overcome
virus resistance in the codling moth and improve virus efficiency by
selection against resistant hosts. Appl. Environ. Microbiol. 75, 925–930. doi:
10.1128/AEM.01998-08
Berling, M., Lopez-Ferber, M., Bonhomme, A., and Sauphanor, B. (2007).
Resistance of codling moth (Cydia pomonella) to granulosis virus (CpGV) in
southeast france: first observations on the mode of inheritance. IOBC Bull.
31:67.
Berling, M., Sauphanor, B., Bonhomme, A., Siegwart, M., and Lopez-Ferber,
M. (2013). A single sex-linked dominant gene does not fully explain the
codling moth’s resistance to granulovirus. Pest Manag. Sci. 69, 1261–1266. doi:
10.1002/ps.3493
Bilton, J., Broughton, H., Jones, P., Ley, S., Lidert, Z., Morgan, E., et al.
(1987). An x-ray crystallographic, mass spectroscopic, and NMR-study of the
limonoid insect antifeedant azadirachtin and related derivatives. Tetrahedron
43, 2805–2815. doi: 10.1016/S0040-4020(01)86886-1
Bishop, D., Hirst, M., Possee, R., and Cory, J. (1995). “Genetic engineering of
microbes: virus insecticides –a case study,” in Fifty Years of Antimicrobials: Past
Perspectives and Future Trends, eds P. A. Hunter, G. K. Darby, and N. J. Russel
(Cambridge: Cambridhe University Press), 249–278.
Bodereau-Dubois, B., List, O., Calas-List, D., Marques, O., Communal, P.,
Thany, S., et al. (2012). Transmembrane potential polarization, calcium
influx, and receptor conformational state modulate the sensitivity of the
imidacloprid-insensitive neuronal insect nicotinic acetylcholine receptor to
neonicotinoid insecticides. J. Pharmacol. Exp. Ther. 341, 326–339. doi:
10.1124/jpet.111.188060
Bourguet, D., Chaufaux, J., Seguin, M., Buisson, C., Hinton, J., Stodola, T., et al.
(2003). Frequency of alleles conferring resistance to Bt maize in French and
US corn belt populations of the European corn borer, Ostrinia nubilalis. Theor.
Appl. Genet. 106, 1225–1233. doi: 10.1007/s00122-002-1172-1
Boyer, S., Paris, M., Jego, S., Lemperiere, G., and Ravanel, P. (2012). Influence of
insecticide Bacillus thuringiensis subsp israelensis treatments on resistance and
enzyme activities in Aedes rusticus larvae (Diptera: Culicidae). Biol. Control 62,
75–81. doi: 10.1016/j.biocontrol.2012.02.001
Bravo, A., Likitvivatanavong, S., Gill, S., and Soberon, M. (2011). Bacillus
thuringiensis: a story of a successful bio-insecticide. Insect Biochem. Mol. Biol.
41, 423–431. doi: 10.1016/j.ibmb.2011.02.006
Briese, D. (1986). “Insect resistance to baculoviruses,” in The Biology of
Baculoviruses, ed F. A. Granados (Boca Raton, FL: CRC Press), 89–108.
Broughton, H., Ley, S., Slawin, A., Williams, D., and Morgan, E. (1986). X-ray
crystallographic structure determination of detigloyldlhydroazadirachtin and
reassignment of the structure of the limonoid insect antifeedant azadirachtin.
J. Chem. Soc. Chem. Commun. 46–47. doi: 10.1039/c39860000046
Bruck, D. (2010). Fungal entomopathogens in the rhizosphere. Biocontrol 55,
103–112. doi: 10.1007/s10526-009-9236-7
Burges, H. (1982). Control of insects by bacteria. Parasitology 84, 79–117. doi:
10.1017/S0031182000053610
Casida, E. (1973). Pyrethrum: The Natural Insecticide, United Kingdom Edn.
London: Academic Press.
Frontiers in Plant Science | www.frontiersin.org 15 June 2015 | Volume 6 | Article 381
Siegwart et al. Sustainability of bio-insecticides
Castellanos-Moguel, J., Gonzalez-Barajas, M., Mier, T., Reyes-Montes, M., Aranda,
E., and Toriello, C. (2007). Virulence testing and extracellular subtilisin-
like (Pr1) and trypsin-like (Pr2) activity during propagule production of
Paecilomyces fumosoroseus isolates fromwhiteflies (Homoptera: Aleyrodidae).
Rev. Iberoam. Micol. 24, 62–68. doi: 10.1016/S1130-1406(07)70016-5
Charles, J., Nielsen LeRoux, C., and Delecluse, A. (1996). Bacillus sphaericus toxins:
molecular biology and mode of action. Annu. Rev. Entomol. 41, 451–472. doi:
10.1146/annurev.en.41.010196.002315
Chaufaux, J., Mullercohn, J., Buisson, C., Sanchis, V., Lereclus, D., and Pasteur,
N. (1997). Inheritance of resistance to the Bacillus thuringiensis CryIC toxin
in Spodoptera littoralis (Lepidoptera:Noctuidae). J. Econ. Entomol. 90, 873–878.
doi: 10.1093/jee/90.4.873
Comins, H. (1977). Management of pesticide resistance. J. Theor. Biol. 65, 399–420.
doi: 10.1016/0022-5193(77)90206-5
Crickmore, N., Zeigler, D., Feitelson, J., Schnepf, E., Van Rie, J., Lereclus, D., et al.
(1998). Revision of the nomenclature for the Bacillus thuringiensis pesticidal
crystal proteins.Microbiol. Mol. Biol. Rev. 62, 807–813.
Curtis, C., Cook, L., and Wood, R. (1987). Selection for and against insecticide
resistance and possible methods of inhibiting evolution of resistance in
mosquitos. Ecol. Entomol. 3, 273–287. doi: 10.1111/j.1365-2311.1978.tb00928.x
David, W., and Gardiner, B. (1965). Resistance of Pieris brassicae (Linnaeus)
to granulosis virus and the virulence of the virus from different host races.
J. Invertebr. Pathol. 7, 285–290. doi: 10.1016/0022-2011(65)90003-0
Dent, D. (1991). Insect Pest Management. Ascot, UK: CABI Bioscience.
Dorn, A., Rademacher, J., and Sehn, E. (1987). “Effects of azadirachtin on
reproductive organs and fertility in the large milkweed bug,” in Proceedings 3rd
International Neem Conference (Eschborn: GTZ).
Dubovskiy, I., Grizanova, E., Ershova, N., Rantala, M., and Glupov, V.
(2011). The effects of dietary nickel on the detoxification enzymes, innate
immunity and resistance to the fungus Beauveria bassiana in the larvae
of the greater wax moth Galleria mellonella. Chemosphere 85, 92–96. doi:
10.1016/j.chemosphere.2011.05.039
Dunley, J., Brunner, J., Doerr, M., and Beers, E. (2006). Resistance and
cross-resistance in populations of the leafrollers, Choristoneura rosaceana
and Pandemis pyrusana, in Washington apples. J. Insect Sci. 6, 1–7. doi:
10.1673/2006_06_14.1
Eberle, K., Asser-Kaiser, S., Sayed, S., Nguyen, H., and Jehle, J. (2008).
Overcoming the resistance of codling moth against conventional Cydia
pomonella granulovirus (CpGV-M) by a new isolate CpGV-I12. J. Invertebr.
Pathol. 98, 293–298. doi: 10.1016/j.jip.2008.03.003
Eberle, K., Jehle, J., and Huber, J. (2012). “Microbial control of crop pests using
insect viruses,” in Integrated Pest Management: Principles and Practice, eds D. P.
Abrol and U. Shankar (Cambridge, MA: CABI), 281–298.
Eberle, K., Sayed, S., Rezapanah, M., Shojai-Estabragh, S., and Jehle, J. (2009).
Diversity and evolution of the Cydia pomonella granulovirus. J. Gen. Virol. 90,
662–671. doi: 10.1099/vir.0.006999-0
Engelhard, E., and Volkman, L. (1995). Developmental resistance in 4th instar
Trichoplusia ni orally inoculated with Autographa californicaM nuclear
polyhedrosis virus. Virology 209, 384–389. doi: 10.1006/viro.1995.1270
Fang, W., Leng, B., Xiao, Y., Jin, K., Ma, J., Fan, Y., et al. (2005).
Cloning of Beauveria bassiana chitinase gene Bbchit1 and its application to
improve fungal strain virulence. Appl. Environ. Microbiol. 71, 363–370. doi:
10.1128/AEM.71.1.363-370.2005
Farias, J., Horikoshi, R., Santos, A., and Omoto, C. (2014). Geographical and
temporal variability in susceptibility to Cry1F Toxin from Bacillus thuringiensis
in Spodoptera frugiperda (Lepidoptera: Noctuidae) populations in Brazil.
J. Econ. Entomol. 107, 2182–2189. doi: 10.1603/EC14190
Feng, R., and Isman, M. (1995). Selection for resistance to azadirachtin in the green
peach aphid,Mysus persicae. Experientia 51, 831–833. doi: 10.1007/BF01922438
Ferre, J., Real, M., Vanrie, J., Jansens, S., and Peferoen, M. (1991). Resistance to the
Bacillus thuringiensis bio-insecticide in a field population of Plutella xylostella
is due to a change in a midgut membrane receptor. Proc. Natl. Acad. Sci. U.S.A.
88, 5119–5123. doi: 10.1073/pnas.88.12.5119
Ferre, J., and Van Rie, J. (2002). Biochemistry and genetics of insect
resistance to Bacillus thuringiensis. Annu. Rev. Entomol. 47, 501–533. doi:
10.1146/annurev.ento.47.091201.145234
Fritsch, E., Undorf-Spahn, K., Kienzle, J., Zebitz, C., and Huber, J.
(2005). Apfelwickler-granulovirus: erste hinweise auf unterschiede in
der empfindlichkeit lokaler apfelwickler populationen. Nachr. Dtsch.
Pflanzenschutzd. 57, 29–34.
Fuxa, J., and Richter, A. (1989). Reversion of resistance by Spodoptera frugiperda
to nuclear polyhedrosis virus. J. Invertebr. Pathol. 53, 52–56. doi: 10.1016/0022-
2011(89)90073-6
Fuxa, J., and Richter, A. (1990). Response of nucelar polyhedrosis virus resistant
Spodoptera frugiperda larvae to other pathogens and to chemical insecticides.
J. Invertebr. Pathol. 55, 272–277. doi: 10.1016/0022-2011(90)90063-C
Fuxa, J., and Richter, A. (1998). Repeated reversion of resistance to
nucleopolyhedrovirus by Anticarsia gemmatalis. J. Invertebr. Pathol. 71,
159–164. doi: 10.1006/jipa.1997.4724
Gahan, L., Gould, F., and Heckel, D. (2001). Identification of a gene
associated with bit resistance in Heliothis virescens. Science 293, 857–860. doi:
10.1126/science.1060949
Gahan, L., Pauchet, Y., Vogel, H., and Heckel, D. (2010). An ABC transporter
mutation is correlated with insect resistance to Bacillus thuringiensis Cry1Ac
toxin. PLoS Genet. 6:e1001248. doi: 10.1371/journal.pgen.1001248
Gassmann, A., Carriere, Y., and Tabashnik, B. (2009). Fitness costs of insect
resistance to Bacillus thuringiensis. Annu. Rev. Entomol. 54, 147–163. doi:
10.1146/annurev.ento.54.110807.090518
Gebhardt, M., Eberle, K., and Jehle, J. (2014). “The resistance of Cydia pomonella
against baculoviruses is provoked by a mutation of the immediate-early pe38
gene of Cydia pomonella granulovirus,” in Proceedings of the 47th Annual
Meeting of the Society for Invertebrate Pathology (Mainz).
Georghiou, G. (1983). “Management of resistance in arthropods,” in Pest Resistance
to Pesticides, eds G. Georghiou and T. Saito (New York, NY: Plenum Press),
769–792.
Georghiou, G., and Taylor, C. (1977). Genetic and biological influences in
evolution of insecticide resistance. J. Econ. Entomol. 70, 319–323. doi:
10.1093/jee/70.3.319
Glare, T., Caradus, J., Gelernter, W., Jackson, T., Keyhani, N., Kohl, J., et al.
(2012). Have bio-pesticides come of age? Trends Biotechnol. 30, 250–288. doi:
10.1016/j.tibtech.2012.01.003
Gröner, A. (1986). “Specificity and safety of baculoviruses,” in The Biology of
Baculoviruses: Biological Properties and Molecular Biology, eds R. R. Granados
and B. A. Federici (San Diego, CA: Academic Pres), 177–202.
Grove, M., and Hoover, K. (2007). Intrastadial developmental resistance of third
instar gypsy moths (Lymantria dispar L.) to L-dispar nucleopolyhedrovirus.
Biol. Control 40, 355–361. doi: 10.1016/j.biocontrol.2006.12.003
Gunning, R., Dang, H., Kemp, F., Nicholson, I., and Moores, G. (2005). New
resistance mechanism in Helicoverpa armigera threatens transgenic crops
expressing Bacillus thuringiensis Cry1Ac toxin. Appl. Environ. Microbiol. 71,
2558–2563. doi: 10.1128/AEM.71.5.2558-2563.2005
Hajek, A., and Stleger, R. (1994). Interactions between fungal
pathogens and insect hosts. Annu. Rev. Entomol. 39, 293–322. doi:
10.1146/annurev.en.39.010194.001453
Heckel, D. (2012). Learning the ABCs of Bt: ABC transporters and insect resistance
to Bacillus thuringiensis provide clues to a crucial step in toxin mode of action.
Pestic. Biochem. Physiol. 104, 103–110. doi: 10.1016/j.pestbp.2012.05.007
Hernandez-Martinez, P., Navarro-Cerrillo, G., Caccia, S., de Maagd, R., Moar,
W., Ferre, J., et al. (2010). Constitutive activation of the midgut response to
Bacillus thuringiensis in Bt-resistant Spodoptera exigua. PLoS ONE 5:e12795.
doi: 10.1371/journal.pone.0012795
Herrero, S., Gechev, T., Bakker, P., Moar, W., and De Maagd, R. (2005). Bacillus
thuringiensis Cry1Ca-resistant Spodoptera exigua lacks expression of one of
four Aminopeptidase N genes. BMC Genomics 6:96. doi: 10.1186/1471-2164-
6-96
Herrero, S., Oppert, B., and Ferre, J. (2001). Different mechanisms of resistance to
Bacillus thuringiensis toxins in the indianmeal moth. Appl. Environ. Microbiol.
67, 1085–1089. doi: 10.1128/AEM.67.3.1085-1089.2001
Hojland, D., Jensen, K., and Kristensen, M. (2014). Expression of xenobiotic
metabolizing cytochrome P450 genes in a spinosad-resistant Musca domestica
L. strain. PLoS ONE 9:e103689. doi: 10.1371/journal.pone.0103689
Holt, R., and Hochberg, M. (1997). When is biological control
evolutionarily stable (or is it)? Ecology 78, 1673–1683. doi:
10.1890/0012-9658(1997)078[1673:WIBCES]2.0.CO;2
Hoy, M. (1985). Developing insecticide resistances in insect and mite predators
and opportunities for gene transfer. Abstr. Pap. Am. Chem. Soc. 190, 29-AGO.
Frontiers in Plant Science | www.frontiersin.org 16 June 2015 | Volume 6 | Article 381
Siegwart et al. Sustainability of bio-insecticides
Huang, F., Higgins, R., and Buschman, L. (1997). Baseline susceptibility and
changes in susceptibility to Bacillus thuringiensis subsp. kurstaki under
selection pressure in European corn borer (Lepidoptera: Pyralidae). J. Econ.
Entomol. 90, 1137–1143. doi: 10.1093/jee/90.5.1137
Huang, J., Lu, C., Hu, M., and Zhong, G. (2013). The mitochondria-mediated
apoptosis of lepidopteran cells induced by azadirachtine. PLoS ONE 8:e58499.
doi: 10.1371/journal.pone.0058499
Huang, J., Shui, K., Li, H., Hu, M., and Zhong, G. (2011). Antiproliferative effect of
azadirachtin A on Spodoptera litura Sl-1 cell line through cell cycle arrest and
apoptosis induced by up-regulation of p53. Pestic. Biochem. Physiol. 99, 16–24.
doi: 10.1016/j.pestbp.2010.08.002
Hunter, D. (2010). Credibility of an IPM approach for locust and grasshopper
control: the Australian example. J. Orthoptera Res. 19, 133–137. doi:
10.1665/034.019.0108
Iijima, R., Kurata, S., and Natori, S. (1993). Purification, characterization, and
cDNA cloning of an antifungal protein from the hemolymph of Sarcophaga
peregrina (flesh fly) larvae. J. Biol. Chem. 268, 12055–12061.
Isman, M. (2006). Botanical insecticides, deterrents, and repellents in modern
agriculture and an increasingly regulated world.Annu. Rev. Entomol. 51, 45–66.
doi: 10.1146/annurev.ento.51.110104.151146
Janmaat, A., and Myers, J. (2003). Rapid evolution and the cost of
resistance to Bacillus thuringiensis in greenhouse populations of cabbage
loopers, Trichoplusia ni. Proc. R. Soc. B Biol. Sci. 270, 2263–2270. doi:
10.1098/rspb.2003.2497
Jansen, J., Defrance, T., and Warnier, A. (2010). Effects of organic-farming-
compatible insecticides on four aphid natural enemy species. Pest Manag. Sci.
66, 650–656. doi: 10.1002/ps.1924
Kabaluk, J., and Ericsson, J. (2007). Metarhizium anisopliae seed treatment
increases yield of field corn when applied for wireworm control. Agron. J. 99,
1377–1381. doi: 10.2134/agronj2007.0017N
Kamilova, F., Validov, S., T., Azarova, Mulders, I., and Lugtenberg, B. (2005).
Enrichment for enhanced competitive plant root tip colonizers selects for
a new class of biocontrol bacteria. Environ. Microbiol. 7, 1809–1817. doi:
10.1111/j.1462-2920.2005.00889.x
Karumbaiah, L., Oppert, B., Jurat-Fuentes, J., and Adang, M. (2007). Analysis
of midgut proteinases from Bacillus thuringiensis-susceptible and -resistant
Heliothis virescens (Lepidoptera: Noctuidae). Comp. Biochem. Physiol. B
Biochem. Mol. Biol. 146, 139–146. doi: 10.1016/j.cbpb.2006.10.104
Kaur, P., and Dilawari, V. (2011). Inheritance of resistance to Bacillus thuringiensis
Cry1Ac toxin in Helicoverpa armigera (Hubner) (Lepidoptera: Noctuidae)
from India. Pest Manag. Sci. 67, 1294–1302. doi: 10.1002/ps.2185
Khajuria, C., Buschman, L., Chen, M., Siegfried, B., and Zhu, K. (2011).
Identification of a novel aminopeptidase P-like gene (OnAPP) possibly
involved in Bt toxicity and resistance in a major corn pest (Ostrinia nubilalis).
PLoS ONE 6:e23983. doi: 10.1371/journal.pone.0023983
Kiewnick, S. (2007). Practicalities of developing and registering microbial
biological control agents. CAB Rev. 2, 1–11. doi: 10.1079/PAVSNNR20072013
Kohl, J., Gerlagh, M., De Haas, B., and Krijger, M. (1998). Biological control
of Botrytis cinerea in cyclamen with Ulocladium atrum and Gliocladium
roseum under commercial growing conditions. Phytopathology 88, 568–575.
doi: 10.1094/PHYTO.1998.88.6.568
Koul, O. (1984). Azadirachtin.2. interaction with the reproductive behavior
of red cotton bugs. Z. Angew. Entomol. 98, 221–223. doi: 10.1111/j.1439-
0418.1984.tb02703.x
Koul, O., Shankar, J., and Kapil, R. (1996). The effect of neem allelochemicals
on nutritional physiology of larval Spodoptera litura. Entomol. Exp. Appl. 79,
43–50. doi: 10.1111/j.1570-7458.1996.tb00807.x
Koul, O., Singh, G., Singh, R., Singh, J., Daniewski, W., and Berlozecki, S. (2004).
Bioefficacy and mode-of-action of some limonoids of salannin group from
Azadirachta indica Juss, A., and their role in a multicomponent system against
lepidopteran larvae. J. Biosci. 29, 409–416. doi: 10.1007/BF02712112
Lacey, L. (2007). Bacillus thuringiensis serovariety israelensis and Bacillus
sphaericus for mosquito control. J. Am. Mosq. Control Assoc. 23, 133–163. doi:
10.2987/8756-971X(2007)23[133:BTSIAB]2.0.CO;2
Lecadet, M., Frachon, E., Dumanoir, V., Ripouteau, H., Hamon, S., Laurent,
P., et al. (1999). Updating the H-antigen classification of Bacillus
thuringiensis. J. Appl. Microbiol. 86, 660–672. doi: 10.1046/j.1365-2672.1999.
00710.x
Leggett, M., Leland, J., Kellar, K., and Epp, B. (2011). Formulation of microbial
biocontrol agents - an industrial perspective. Can. J. Plant Pathol. 33, 101–107.
doi: 10.1080/07060661.2011.563050
Levy, S., Falleiros, A., Moscardi, F., and Gregorio, E. (2007).
Susceptibility/resistance of Anticarsia gemmatalis larvae to its
nucleopolyhedrovirus (AgMNPV): structural study of the peritrophic
membrane. J. Invertebr. Pathol. 96, 183–186. doi: 10.1016/j.jip.2007.04.007
Li, H., Oppert, B., Higgins, R., Huang, F., Zhu, K., and Buschman, L. (2004).
Comparative analysis of proteinase activities of Bacillus thuringiensis-resistant
and -susceptible Ostrinia nubilalis (Lepidoptera: Crambidae). Insect Biochem.
Mol. Biol. 34, 753–762. doi: 10.1016/j.ibmb.2004.03.010
Li, X., Bai, S., and Cass, B. (2012b). Accord insertion in the 5′ flanking region
of CYP6G1 confers nicotine resistance in Drosophila melanogaster. Gene 502,
1–8. doi: 10.1016/j.gene.2012.04.031
Li, Y., Zhao, P., Liu, S., Dong, Z., Chen, J., Xiang, Z., et al. (2012a). A novel protease
inhibitor in Bombyx mori is involved Beauveria bassiana. Insect Biochem. Mol.
Biol. 42, 766–775. doi: 10.1016/j.ibmb.2012.07.004
Liu, Y., Tabashnik, B., Masson, L., Escriche, B., and Ferre, J. (2000). Binding and
toxicity of bacillus thuringiensis protein Cry1C to susceptible and resistant
diamondback moth (Lepidoptera: Plutellidae). J. Econ. Entomol. 93, 1–6. doi:
10.1603/0022-0493-93.1.1
Liu, Z., Williamson, M., Lansdell, S., Denholm, I., Han, Z., and Millar, N. (2005).
A nicotinic acetylcholine receptor mutation conferring target-site resistance to
imidacloprid in Nilaparvata lugens (brown planthopper). Proc. Natl. Acad. Sci.
U.S.A. 102, 8420–8425. doi: 10.1073/pnas.0502901102
Liu, Z., Williamson, M., Lansdell, S., Han, Z., Denholm, I., and Millar, N. (2006).
A nicotinic acetylcholine receptor mutation (Y151S) causes reduced agonist
potency to a range of neonicotinoid insecticides. J. Neurochem. 99, 1273–1281.
doi: 10.1111/j.1471-4159.2006.04167.x
Lloyd, C. (1969). Studies on the cross-tolerance to DDT-related
compounds of a pyrethrin-resistant strain of Sitophilus granarius
(L.) (Coleoptera, Curculionidae). J. Stored Prod. Res. 5, 337–356. doi:
10.1016/0022-474X(69)90007-1
Macintosh, S., Stone, T., Jokerst, R., and Fuchs, R. (1991). Binding of Bacillus
thuringiensis proteins to a laboratory selected line of Heliothis virescens. Proc.
Natl. Acad. Sci. U.S.A. 88, 8930–8933. doi: 10.1073/pnas.88.20.8930
Markussen, M., and Kristensen, M. (2012). Spinosad resistance in female Musca
domestica L. from a field-derived population. Pest Manag. Sci. 68, 75–82. doi:
10.1002/ps.2223
Martinez-Ramirez, A., Escriche, B., Real, M., Silva, F., and Ferre, J. (1995).
Inheritance of resistance to a Bacillus thuringiensis toxin in a field population
of diamondback math (Plutella xylostella). Pestic Sci. 43, 115–120. doi:
10.1002/ps.2780430204
Mascarenhas, R., Boethel, D., Leonard, B., Boyd, M., and Clemens, C. (1998).
Resistance monitoring to Bacillus thuringiensis insecticides for soybean loopers
(Lepidoptera: Noctuidae) collected from soybean and transgenic Bt-cotton.
J. Econ. Entomol. 91, 1044–1050. doi: 10.1093/jee/91.5.1044
McGaughey, W. (1985). Insect resistance to the biological insecticide Bacillus
thuringiensis. Science 229, 193–194. doi: 10.1126/science.229.4709.193
McGaughey, W., and Beeman, R. (1988). Resistance to Bacillus thuringiensis in
colonies of indian meal moth and almond moth (Lepidoptera, pyralidae).
J. Econ. Entomol. 81, 28–33. doi: 10.1093/jee/81.1.28
McGaughey, W., and Johnson, D. (1992). Indianmeal moth (Lepidoptera,
pyralidae) resistance to different strains and mixtures of Bacillus thuringiensis.
J. Econ. Entomol. 85, 1594–1600. doi: 10.1093/jee/85.5.1594
Milani, R., and Travaglino, A. (1957). Ricerche genetiche sulla resistenza al DDT
in Musca domestica concatenazione del gene kdr (knockdown-resistance) con
due mutanti morfologigi. Riv. Parassitol. 18, 199–202.
Miller, L., Lingg, A., and Bulla, L. (1983). Bacterial, viral, and fungal insecticides.
Science 219, 715–721. doi: 10.1126/science.219.4585.715
Moar, W., Pusztaicarey, M., Vanfaassen, H., Bosch, D., Frutos, R., Rang, C., et al.
(1995). Development of Bacillus thuringiensis CryIC resistance by Spodoptera
exigua (Hübner) (Lepidoptera, Noctuidae). Appl. Environ. Microbiol. 61,
2086–2092.
Morgan, E. (2009). Azadirachtin, a scientific gold mine. Bioorg. Med. Chem. 17,
4096–4105. doi: 10.1016/j.bmc.2008.11.081
Morin, S., Biggs, R., Sisterson, M., Shriver, L., Ellers-Kirk, C., Higginson, D.,
et al. (2003). Three cadherin alleles associated with resistance to Bacillus
Frontiers in Plant Science | www.frontiersin.org 17 June 2015 | Volume 6 | Article 381
Siegwart et al. Sustainability of bio-insecticides
thuringiensis in pink bollworm. Proc. Natl. Acad. Sci. U.S.A. 100, 5004–5009.
doi: 10.1073/pnas.0831036100
Mota-Sanchez, D., Hollingworth, R., Grafius, E., and Moyer, D. (2006). Resistance
and cross-resistance to neonicotinoid insecticides and spinosad in the Colorado
potato beetle, Leptinotarsa decemlineata (Say) (Coleoptera: Chrysomelidae).
Pest Manag. Sci. 62, 30–37. doi: 10.1002/ps.1120
Mullercohn, J., Chaufaux, J., Buisson, C., Gilois, N., Sanchis, V., and Lereclus, D.
(1996). Spodoptera littoralis (Lepidoptera: Noctuidae) resistance to CryIC and
cross-resistance to other Bacillus thuringiensis crystal toxins. J. Econ. Entomol.
89, 791–797. doi: 10.1093/jee/89.4.791
Murillo, R., Lasa, R., Goulson, D., Williams, T., Munoz, D., and Caballero, P.
(2003). Effect of Tinopal LPW on the insecticidal properties and genetic
stability of the nucleopolyhedrovirus of Spodoptera exigua (Lepidoptera:
Noctuidae). J. Econ. Entomol. 96, 1668–1674. doi: 10.1093/jee/96.6.1668
Nisbet, A., Woodford, J., Strang, R., and Connolly, J. (1993). Systemic antifeedant
effects of azadirachtin on the peach-potato aphidMysus persicae. Entomol. Exp.
Appl. 68, 87–98. doi: 10.1111/j.1570-7458.1993.tb01692.x
Nuyttens, D., De Schampheleire, M., Verboven, P., Brusselman, E., and Dekeyser,
D. (2009). Droplet size and velocity characteristics of agricultural sprays. Trans.
ASABE 52, 1471–1480. doi: 10.13031/2013.29127
Oppert, B., Kramer, K., Beeman, R., Johnson, D., and McGaughey, W. (1997).
Proteinase-mediated insect resistance to Bacillus thuringiensis toxins. J. Biol.
Chem. 272, 23473–23476. doi: 10.1074/jbc.272.38.23473
Pardo-Lopez, L., M., Soberon, and Bravo, A. (2013). Bacillus thuringiensis
insecticidal three-domain Cry toxins: mode of action, insect resistance and
consequences for crop protection. FEMS Microbiol. Rev. 37, 3–22. doi:
10.1111/j.1574-6976.2012.00341.x
Perry, T., McKenzie, J., and Batterham, P. (2007). A Dalpha6 knockout strain of
Drosophila melanogaster confers a high level of resistance to spinosad. Insect
Biochem. Mol. Biol. 37, 184–188. doi: 10.1016/j.ibmb.2006.11.009
Pigott, C., and Ellar, D. (2007). Role of receptors in Bacillus thuringiensis
crystal toxin activity. Microbiol. Mol. Biol. Rev. 71, 255–281. doi:
10.1128/MMBR.00034-06
Prakash, G., Padmaja, V., Jami, S., and Kirti, P. (2012). Expression of chitinase
genes ofMetarhizium anisopliae isolates in lepidopteran pests and on synthetic
media. J. Basic Microbiol. 52, 628–635. doi: 10.1002/jobm.201100274
Pu, X., Yang, Y., Wu, S., and Wu, Y. (2010). Characterisation of abamectin
resistance in a field-evolved multiresistant population of Plutella xylostella. Pest
Manag. Sci. 66, 371–378. doi: 10.1002/ps.1885
Puinean, A., Lansdell, S., Collins, T., Bielza, P., and Millar, N. (2013). A nicotinic
acetylcholine receptor transmembrane point mutation (G275E) associated with
resistance to spinosad in Frankliniella occidentalis. J. Neurochem. 124, 590–601.
doi: 10.1111/jnc.12029
Qi, G., Lan, N., Ma, X., Yu, Z., and Zhao, X. (2011). Controlling Myzus persicae
with recombinant endophytic fungi Chaetomium globosum expressing Pinellia
ternata agglutinin. J. Appl. Microbiol. 110, 1314–1322. doi: 10.1111/j.1365-
2672.2011.04985.x
Qiao, J., Zou, X., Lai, D., Yan, Y.,Wang, Q., Li,W., et al. (2014). Azadirachtin blocks
the calcium channel and modulates the cholinergic miniature synaptic current
in the central nervous system of Drosophila. Pest Manag. Sci. 70, 1041–1047.
doi: 10.1002/ps.3644
Ravensberg, W. (2011). A Roadmap to the Successful Development and
Commercialization ofMicrobial Pest Control Products for Control of Arthropods.
Dordrecht: Springer.
Raymond, B., Johnston, P., Nielsen-Leroux, C., Lereclus, D., and Crickmore, N.
(2010). Bacillus thuringiensis: an impotent pathogen? Trends Microbiol. 18,
189–194. doi: 10.1016/j.tim.2010.02.006
Regnault-Roger, C., Philogene, B., and Vincent, C. (2002). Bio-pesticides D’origine
Végétale. Paris: Lavoisier.
Reichelderfer, C., and Benton, C. (1974). Some genetic aspects of the resistance of
Spodoptera frugiperda to a nuclear polyhedrosis virus. J. Invertebr. Pathol. 23,
378–382. doi: 10.1016/0022-2011(74)90105-0
Reyes, M., and Sauphanor, B. (2008). Resistance monitoring in codling moth: a
need for standardization. Pest Manag. Sci. 64, 945–953. doi: 10.1002/ps.1588
Rinkevich, F., Chen, M., Shelton, A., and Scott, J. (2010). Transcripts of the
nicotinic acetylcholine receptor subunit gene Pxyl alpha 6 with premature stop
codons are associated with spinosad resistance in diamondback moth, Plutella
xylostella. Invertebr Neurosci 10, 25–33. doi: 10.1007/s10158-010-0102-1
Rohrmann, G. (2013). Baculovirus Molecular Biology. Bethesda, MD: NCBI.
Rosenthal, G., and Janzen, D. (1979). Herbivores: Their Interaction with Secondary
Plant Metabolites. New York, NY: Academic Press.
Roush, R., and Tabashnik, B. (1990). Pesticide Resistance in Arthropods. London:
Chapman and Hall Ltd.
Ruscoe, C. (1972). Growth disruption effects of an insect antifeedant. Nat. New
Biol. 236, 159–160. doi: 10.1038/newbio236159a0
Sauphanor, B., Berling, M., JToubon, F., Reyes, M., Delnatte, J., and Allemoz, P.
(2006). Cases of resistance to granulosis virus in the codling moth. Phytoma
590, 24–27.
Sayah, F., Fayet, C., Idaomar, M., and Karlinsky, A. (1996). Effect of Azadirachtin
on vitellogenesis of Labidura riparia (Insect Dermaptera). Tissue Cell 28,
741–749. doi: 10.1016/S0040-8166(96)80077-2
Sayah, F., Idaomar, M., Soranzo, L., and Karlinsky, A. (1998). Endocrine
and neuroendocrine effects of Azadirachtin in adult females of the
earwig Labidura riparia. Tissue Cell 30, 86–94. doi: 10.1016/S0040-8166(98)
80009-8
Sayyed, A., Ahmad, M., and Saleem, M. (2008). Cross-resistance and genetics of
resistance to indoxacarb in Spodoptera litura (Lepidoptera: Noctuidae). J. Econ.
Entomol. 101, 472–479. doi: 10.1093/jee/101.2.472
Sayyed, A., Haward, R., Herrero, S., Ferre, J., and Wright, D. (2000). Genetic
and biochemical approach for characterization of resistance to Bacillus
thuringiensis toxin Cry1Ac in a field population of the diamondback
moth, Plutella xylostella. Appl. Environ. Microbiol. 66, 1509–1516. doi:
10.1128/AEM.66.4.1509-1516.2000
Sayyed, A., Omar, D., and Wright, D. (2004). Genetics of spinosad resistance in a
multi-resistant field-selected population of Plutella xylostella. Pest Manag. Sci.
60, 827–832. doi: 10.1002/ps.869
Schmitt, A., Bisutti, I., Ladurner, E., Benuzzi, M., Sauphanor, B., Kienzle, J., et al.
(2013). The occurrence and distribution of resistance of codling moth to
Cydia pomonella granulovirus in Europe. J. Appl. Entomol. 137, 641–649. doi:
10.1111/jen.12046
Schmutterer, H. (1985). Which insect pests can be controlled by application of
neem seed kernel extracts under field conditions. Z. Angew. Entomol. 100,
468–475. doi: 10.1111/j.1439-0418.1985.tb02808.x
Sheppard, R., and Stairs, G. (1977). Dosage mortality and time mortality studies of
a granulosis virus in a laboratory strain of codling moth, Laspeyresia pomonella.
J. Invertebr. Pathol. 29, 216–221. doi: 10.1016/0022-2011(77)90196-3
Simmonds, M., Blaney, W., Ley, S., Anderson, J., and Toogood, P. (1990).
Azadirachtin - structural requirements for reducing growth and increasing
mortality in lepidopterous larvae. Entomol. Exp. Appl. 55, 169–181. doi:
10.1111/j.1570-7458.1990.tb01360.x
Singer, S. (1981). “Potential of Bacillus sphaericus and related spore-forming
bacteria for pest control,” in Microbial Control of Pests and Plant Diseases
1970-1980, ed H. D. Burges (New York, NY: Academic Press), 283–298.
Soberon, M., Rodriguez-Almazan, C., Munoz-Garay, C., Pardo-Lopez, L., Porta,
H., and Bravo, A. (2012). Bacillus thuringiensis Cry and Cyt mutants
useful to counter toxin action in specific environments and to overcome
insect resistance in the field. Pestic. Biochem. Physiol. 104, 111–117. doi:
10.1016/j.pestbp.2012.05.003
Soderlund, D., and Knipple, D. (2003). The molecular biology of knockdown
resistance to pyrethroid insecticides. Insect Biochem. Mol. Biol. 33, 563–577.
doi: 10.1016/S0965-1748(03)00023-7
Sparks, T., Dripps, J., Watson, G., and Paroonagian, D. (2012). Resistance and
cross-resistance to the spinosyns - a review and analysis. Pestic. Biochem.
Physiol. 102, 1–10. doi: 10.1016/j.pestbp.2011.11.004
Sparks, T., Thompson, G., Kirst, H., Hertlein, M., Larson, L., Worden, T., et al.
(1998). Biological activity of the spinosyns, new fermentation derived insect
control agents, on tobacco budworm (Lepidoptera: Noctuidae) larvae. J. Econ.
Entomol. 91, 1277–1283. doi: 10.1093/jee/91.6.1277
Starnes, R., Liu, C., and Marrone, P. (1993). History, use, and future of microbial
insecticides. Am. Entomol. 39, 83–91. doi: 10.1093/ae/39.2.83
St Leger, R., Joshi, L., Bidochka, M., and Roberts, D. (1996). Construction of an
improved mycoinsecticide overexpressing a toxic protease. Proc. Natl. Acad.
Sci. U.S.A. 93, 6349–6354. doi: 10.1073/pnas.93.13.6349
Subrahmanyam, B., Muller, T., and Rembold, H. (1989). Inhibition of turnover
of neurosecretion by azadirachtin in Locusta migratoria. J. Insect Physiol. 35,
493–497. doi: 10.1016/0022-1910(89)90056-5
Frontiers in Plant Science | www.frontiersin.org 18 June 2015 | Volume 6 | Article 381
Siegwart et al. Sustainability of bio-insecticides
Subrahmanyam, B., and Rembold, H. (1989). Effect of azadirachtin-A on neuro-
endocrine activity in Locusta migratoria. Cell Tissue Res. 256, 513–517. doi:
10.1007/BF00225599
Suty, L. (2010). La Lutte Biologique. Dijon: Sick, I.
Tabashnik, B. (1994). Evolution of resistance to Bacillus thurinigienis. Annu. Rev.
Entomol. 39, 47–79. doi: 10.1146/annurev.en.39.010194.000403
Tabashnik, B., and Croft, B. (1982). Managing pesticide resistance in crop-
arthropod complexes - interactions between biological and operational factors.
Environ. Entomol. 11, 1137–1144. doi: 10.1093/ee/11.6.1137
Tabashnik, B., and Croft, B. (1985). Evolution of pesticide resistance in apple pests
and their natural enemies. Entomophaga 30, 37–49. doi: 10.1007/BF02372281
Tabashnik, B., Liu, Y., Malvar, T., Heckel, D., Masson, L., and Ferre, J. (1998). Insect
resistance to Bacillus thuringiensis: uniform or diverse? Phil. Trans. R Soc. Lond.
B Biol. Sci. 353, 1751–1756. doi: 10.1098/rstb.1998.0327
Tanwar, R., Dureja, P., and Rathore, H. (2012). “Bio-pesticides,” in Pesticides,
Evaluation of Environmental Pollution, eds H. Rathore and L. Nollet (Boca
Raton, FL: CRC Press), 587–603.
Taylor, C., and Georghiou, G. (1979). Suppression of insecticide resistance by
alteration of gene dominance and migration. J. Econ. Entomol. 72, 105–109.
doi: 10.1093/jee/72.1.105
Taylor, C., Quaglia, F., and Georghiou, G. (1983). Evolution of resistance to
insecticides – a cage study on the influence of migration and insecticide
delay-rates. J. Econ. Entomol. 76, 704–707. doi: 10.1093/jee/76.4.704
Taylor, D. (1987). Azadirachtin - a study in the methodology of structure
determination. Tetrahedron 43, 2779–2787. doi: 10.1016/S0040-
4020(01)86884-8
Thakore, Y. (2006). The bio-pesticide market for global agricultural use. Ind.
Biotechnol. 2, 194–208. doi: 10.1089/ind.2006.2.194
Tiewsiri, K., and Wang, P. (2011). Differential alteration of two aminopeptidases
N associated with resistance to Bacillus thuringiensis toxin Cry1Ac in
cabbage looper. Proc. Natl. Acad. Sci. U.S.A. 108, 14037–14042. doi:
10.1073/pnas.1102555108
Timmins, W., and Reynolds, S. (1992). Azadirachtin inhibits secretion of
trypsin in midgut of manduca sexta caterpillars - reduced growth due to
impaired protein digestion. Entomol. Exp. Appl. 63, 47–54. doi: 10.1111/j.1570-
7458.1992.tb02418.x
Townsend, R., Ferguson, C., Proffitt, J., Slay, M., Swaminathan, J., Day, S., et al.
(2004). Establishment of Serratia entomophila after application of a new
formulation for grass grub control. N. Z. Plant Prot. 57, 310–313.
Tsukamoto, M., Narahashi, T., and Yamasaki, T. (1965). Genetic control of low
nerve sensitivity to DDT in insecticide resistant houseflies. Botyu-Kagaku 30,
128–132.
Turner, C., Tempesta, M., Taylor, R., Zagorski, M. G., Termini, J. S., Schroeder, D.
R., et al. (1987). An NMR spectroscopic study of azadirachtin and its trimethyl
ether. Tetrahedron 43, 2789–2803. doi: 10.1016/S0040-4020(01)86885-X
Tyutyunov, Y., Zhadanovskaya, E., Bourguet, D., and Arditi, R. (2008). Landscape
refuges delay resistance of the European corn borer to Bt-maize: a demo-genetic
dynamic model. Theor. Popul. Biol. 74, 138–146. doi: 10.1016/j.tpb.2008.05.005
Undorf-Spahn, K., Fritsch, E., Huber, J., Kienzle, J., Zebitz, C., and Jehle, J. (2012).
High stability and no fitness costs of the resistance of codling moth to Cydia
pomonella granulovirus (CpGV-M). J. Invertebr. Pathol. 111, 136–142. doi:
10.1016/j.jip.2012.07.005
Virto, C., Zarate, C., Lopez-Ferber, M., Murillo, R., Caballero, P., and
Williams, T. (2013). Gender-mediated differences in vertical transmission of a
nucleopolyhedrovirus. PLoS ONE 8:e70932. doi: 10.1371/journal.pone.0070932
Wang, D., Qiu, X., Ren, X., Zhang, W., and Wang, K. (2009b). Effects of spinosad
on Helicoverpa armigera (Lepidoptera: Noctuidae) from China: tolerance
status, synergism and enzymatic responses. Pest Manag. Sci. 65, 1040–1046. doi:
10.1002/ps.1794
Wang, L., Li, X., Zhang, J., Zhao, J., Wu, Q., Xu, B., et al. (2007). Monitoring
of resistance for the diamondback moth to Bacillus thuringiensis Cry1Ac
and Cry1Ba toxins and a Bt commercial formulation. J. Appl. Entomol. 131,
441–446. doi: 10.1111/j.1439-0418.2007.01187.x
Wang, P., and Granados, R. (2001). Molecular structure of the peritrophic
membrane (PM): identification of potential PM target sites for insect
control. Arch. Insect Biochem. Physiol. 47, 110–118. doi: 10.1002/
arch.1041
Wang, Z., Yao, M., and Wu, Y. (2009a). Cross-resistance, inheritance and
biochemical mechanisms of imidacloprid resistance in B-biotype Bemisia
tabaci. Pest Manag. Sci. 65, 1189–1194. doi: 10.1002/ps.1808
Washburn, J., Kirkpatrick, B., Haas-Stapleton, E., and Volkman, L. (1998).
Evidence that the stilbene-derived optical brightener M2R enhances
Autographa californicaM nucleopolyhedrovirus infection of Trichoplusia
ni and Heliothis virescens by preventing sloughing of infected midgut epithelial
cells. Biol. Control 11, 58–69. doi: 10.1006/bcon.1997.0572
Whalon, M., Miller, D., Hollingworth, R., Grafius, E., and Miller, J. (1993).
Selection of a colorado potato beetle (Coleoptera, Chrysomelidae) strain
resistant to Bacillus thuringiensis. J. Econ. Entomol. 86, 226–233. doi:
10.1093/jee/86.2.226
Xu, X., Yu, L., and Wu, Y. (2005). Disruption of a cadherin gene associated with
resistance to Cry1Ac delta-endotoxin of Bacillus thuringiensis in Helicoverpa
armigera. Appl. Environ. Microbiol. 71, 948–954. doi: 10.1128/AEM.71.2.948-
954.2005
Yang, M., Li, M., Zhang, Y., Wang, Y., Qu, J., Wang, Q., et al. (2012). Baculoviruses
and insect pests control in China. Afr. J. Microbiol. Res. 6, 214–218. doi:
10.5897/AJMR11.1357
Ye, G., Xiao, Q., Chen, M., Chen, X., Yuan, Z., Stanley, D., et al. (2014). Tea:
biological control of insect and mite pests in China. Biol. Control 68, 73–91.
doi: 10.1016/j.biocontrol.2013.06.013
Yixi, Z., Liu, Z., Han, Z., Song, F., Yao, X., Shao, Y., et al. (2009). Functional
co-expression of two insect nicotinic receptor subunits (Nlα3 and Nlα8)
reveals the effects of a resistance-associated mutation (Nlα3Y151S) on
neonicotinoid insecticides. J. Neurochem. 110, 1855–1862. doi: 10.1111/j.1471-
4159.2009.06280.x
Zhang, S., Cheng, H., Gao, Y., Wang, G., Liang, G., and Wu, K. (2009). Mutation
of an aminopeptidase N gene is associated withHelicoverpa armigera resistance
to Bacillus thuringiensis Cry1Ac toxin. Insect Biochem. Mol. Biol. 39, 421–429.
doi: 10.1016/j.ibmb.2009.04.003
Zhao, J., Jin, L., Yang, Y., and Wu, Y. (2010). Diverse cadherin mutations
conferring resistance to Bacillus thuringiensis toxin Cry1Ac in
Helicoverpa armigera. Insect Biochem. Mol. Biol. 40, 113–118. doi:
10.1016/j.ibmb.2010.01.001
Zhao, J., Li, Y., Collins, H., Gusukuma-Minuto, L., Mau, R., Thompson, G., et al.
(2002). Monitoring and characterization of diamondback moth (Lepidoptera:
Plutellidae) resistance to spinosad. J. Econ. Entomol. 95, 430–436. doi:
10.1603/0022-0493-95.2.430
Zhao, P., Dong, Z., Duan, J., Wang, G., Wang, L., Li, Y., et al. (2012).
Genome-wide identification and immune response analysis of serine protease
inhibitor genes in the silkworm, Bombyx mori. PLoS ONE 7:e3168. doi:
10.1371/journal.pone.0031168
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2015 Siegwart, Graillot, Blachere Lopez, Besse, Bardin, Nicot and Lopez-
Ferber. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) or licensor are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
Frontiers in Plant Science | www.frontiersin.org 19 June 2015 | Volume 6 | Article 381
